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Abstract 
 
The production of functional food products rich in natural bioactive compounds, 
with the intention of taking advantage of their health benefits, is an important target 
of the food industry to answer the growing interest of consumers for healthy food. 
Tomato pomace is rich in carotenoids, mainly lycopene, which have been related 
to important bioactive properties. Within this context, this work was focused on the 
stabilization of a tomato pomace ethanolic extract using microencapsulation by 
spray drying with arabic gum and inulin as wall materials, aiming at its 
incorporation in food matrices. A first insight on carotenoids microencapsulation 
with Arabic gum was assessed using model carotenoid molecule (β-carotene). 
Afterwards, the microencapsulation process of tomato pomace extract using inulin 
and arabic gum as wall materials was successfully optimized, focusing on the 
evaluation of the effect of drying temperature and the wall material concentration 
on drying yield, loading capacity and antioxidant activity of encapsulated 
bioactives. Both wall materials allowed the production of microparticles loaded with 
tomato pomace carotenoids. The optimized drying conditions were 10% wall 
material concentration, and drying temperatures of 160 and 200 °C for inulin and 
arabic gum, respectively. Finally, particles produced under optimized conditions 
were evaluated for their storage stability and in vitro release of lycopene. Inulin has 
shown to be the most efficient wall material in maintaining bioactives stability 
during microcapsules storage after production. In addition, inulin microcapsules 
demonstrated a higher bioactives protection ability against simulated gastric 
conditions, either alone or incorporated in a selected food product (liquid yoghurt), 
enabling a preferential release in simulated intestinal fluid. Overall, it is envisaged 
a good potential for the microcapsules of tomato pomace extracts to be 
incorporated in foods systems with diverse chemical and physical properties.  
 
Keywords: tomato pomace; bioactives microencapsulation; stability; in vitro 
bioaccessibility; incorporation in food matrices  
 
  
  vii  
 
Resumo 
 
A produção de alimentos funcionais, fonte de compostos bioativos naturais, 
assume grande importância na indústria alimentar para responder ao crescente 
interesse do consumidor por alimentos com impacto na saúde e bem-estar. No 
âmbito do conceito de bioeconomia, o repiso de tomate, subproduto das indústrias 
de concentrado de tomate, é uma excelente fonte de compostos bioativos 
naturais, designadamente licopeno. Assim, esta tese tem como objetivo a 
estabilização de um extrato etanólico de repiso de tomate por microencapsulação 
por spray drying, com vista à posterior incorporação em matrizes alimentares. 
Numa primeira fase, estudou-se o processo de microencapsulação usando um 
carotenoide modelo (β-caroteno), e goma arábica como material de parede. Este 
estudo permitiu obter os primeiros insights na microencapsulação de carotenoides. 
Em seguida, foi otimizado o processo de microencapsulação do extrato de repiso 
de tomate utilizando inulina e goma arábica como materiais de parede, com o 
objetivo de avaliar o efeito da temperatura de secagem e da concentração do 
material de parede, na capacidade de carregamento, eficiência de encapsulação e 
atividade antioxidante do extrato encapsulado. As condições que permitiram os 
melhores resultados das variáveis de resposta estudadas foram 10% de 
concentração de material de parede, e temperaturas de secagem de 160 e 200 °C 
para inulina e goma arábica, respectivamente. As partículas produzidas sob 
condições otimizadas foram avaliadas quanto à estabilidade do licopeno 
encapsulado e quanto ao perfil de libertação in vitro. A inulina mostrou ser o 
material de parede mais eficiente na proteção do licopeno durante o 
armazenamento. As microcápsulas de inulina foram mais eficientes na retenção 
do licopeno em condições de fluido gástrico simulado, quando usadas 
isoladamente ou incorporadas numa matriz alimentar (iogurte líquido), 
demonstrando uma libertação preferencial em condições de fluido intestinal 
simulado. A partir dos resultados obtidos prevê-se um bom potencial das 
microcápsulas produzidas serem incorporadas em sistemas alimentares. 
 
Palavras-chave: repiso de tomate; microencapsulação de bioativos; estabilidade; 
bioacessibilidade in vitro; incorporação em matrizes alimentares 
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Resumo alargado 
 
O tomate (Solanum lycopersicum L.) é um hortícola com grande interesse na 
indústria alimentar portuguesa que gera grandes quantidades de subproduto (mais 
de 52000 t / ano), tradicionalmente conhecido por repiso. Dado que a campanha 
de tomate é concentrada nos meses de verão, as unidades industriais defrontam-
se com grandes quantidades de repiso neste período, o que pode constituir um 
problema ambiental. O repiso tem valor um comercial praticamente nulo apesar do 
seu potencial de valorização. É constituído essencialmente por películas e 
sementes, sendo uma fonte compostos biologicamente activos por excelência. O 
repiso é rico em carotenóides, maioritariamente licopeno. 
A produção de alimentos funcionais enriquecidos com compostos bioativos de 
fontes naturais tem sido alvo de um elevado interesse por parte da investigação e 
indústria, no sentido de corresponder à crescente procura de alimentos saudáveis 
por parte dos consumidores. Os compostos bioativos naturais, como carotenoides 
e polifenóis, são moléculas que proporcionam efeitos positivos à saúde do 
consumidor devido às suas atividades biológicas, como capacidade antioxidante, 
anti-hipertensiva, antiproliferativa ou anti-inflamatória. Porém, os compostos 
bioativos devem ser protegidos para manterem os seus efeitos benéficos, uma vez 
que apresentam elevada sensibilidade a fatores ambientais, como temperatura, 
pH, presença de oxigénio e luz. O processo de microencapsulação tem sido 
aplicado para promover, não só a proteção, mas também a libertação controlada 
desses compostos. Neste contexto, o objetivo do presente trabalho de 
investigação foi a estabilização do extrato etanólico do repiso de tomate através 
de microencapsulação por spray drying, com vista à posterior incorporação em 
matrizes alimentares.  
Numa primeira fase, investigou-se a microencapsulação de um carotenoide 
modelo (β-caroteno) em goma arábica por spray drying, para avaliar a eficiência 
de encapsulação. As variáveis independentes estudadas foram a temperatura de 
secagem (110-200 °C) e a concentração de material de parede (5-35%). Foi 
utilizada a metodologia de superfície de resposta acoplada a um delineamento 
composto central rotacional. Avaliou-se o rendimento de secagem, a morfologia 
das micropartículas (microscopia eletrónica de varrimento - SEM), a eficiência de 
encapsulação do β-caroteno e a atividade antioxidante (Trolox Equivalent 
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Antioxidant Activity - TEAC) das micropartículas obtidas. O rendimento de 
secagem de microcápsulas de goma arábica com β-caroteno variou entre 15,9 e 
43,9%. O valor máximo de rendimento verificou-se para a concentração de 20% 
de goma arábica e temperatura de secagem a 155 °C. No que respeita a eficiência 
de encapsulação verificou-se um efeito positivo da temperatura de secagem e um 
efeito negativo da concentração de goma arábica, tendo variado entre 6,2 a 
16,0%. Pelo contrário, a atividade antioxidante das microcápsulas de β-caroteno 
apresentou valores mais elevados nas condições de secagem a temperaturas 
mais baixas (110 ºC). Atendendo às variáveis dependentes estudadas as 
condições selecionadas que implicam maior rendimento de secagem e maior 
eficiência de encapsulação β-caroteno foram: 11.9% de concentração de material 
de parede e uma temperatura de secagem de 173 ºC.  
Assumindo que a abordagem sistemática usada no processo de 
microencapsulação de β-caroteno por spray drying usando goma arábica como 
material de parede pode ser aplicada a outros carotenoides, numa segunda fase 
estudou-se a encapsulação de extrato etanólico de repiso de tomate usando 
inulina ou goma arábica como material de parede. O extrato utilizado apresentava 
uma concentração de licopeno e β-caroteno de 34,45 ± 1,75 e 0,92 ± 0,04 mg.g-1 
de extrato, respectivamente, e uma atividade antioxidante de 4,04 ± 0,14 µmol de 
trolox.mg-1 licopeno. Neste estudo foi seguido um delineamento experimental 
semelhante ao do estudo anterior. As variáveis independentes estudadas foram 
igualmente a temperatura de secagem (110-200 °C) e a concentração de material 
de parede (5-35% goma arábica ou 5-25% de inulina). As respostas obtidas para 
os diferentes parâmetros foram dependentes do material de parede utilizado. 
Assim, o rendimento de secagem apresentou uma gama de valores mais elevada 
no caso da inulina (34,9 a 49,5%) do que no caso da goma arábica (14,7 a 
44,0%). A eficiência de encapsulação seguiu a mesma tendência de variação, 
entre 6,9 e 25,3% e entre 3,4 e 20,5% para a inulina e goma arábica, 
respectivamente. A capacidade de carregamento das partículas de goma arábica 
variou entre 1,15 e 2,10 mg de licopeno.g-1 partículas e entre 0,87 e 3,08 mg de 
licopeno.g-1 partículas no caso da inulina. Os resultados vão de encontro ao 
observado no estudo com β-caroteno como modelo. Modelos de segunda ordem 
foram ajustados aos dados experimentais do rendimento de secagem e eficiência 
de encapsulação para os ensaios de goma arábica. Em relação aos ensaios de 
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inulina, além do rendimento de secagem e da eficiência de encapsulação, os 
dados experimentais da capacidade de carregamento também se ajustaram ao 
modelo. A análise de variância ANOVA mostrou um ajuste satisfatório, uma vez 
que o coeficiente de determinação foi aceitável (R2 > 0.7) e o valor da falta de 
ajuste do modelo não foi significativo (p > 0,05) a 95% do nível de confiança. Uma 
análise simultânea das variáveis resposta que tiveram um bom ajuste ao modelo 
experimental foi realizada para se obter a melhor condição de secagem. Assim, 
dentro dos intervalos estudados, as condições mais adequadas encontradas para 
a temperatura de secagem foram de 200 e 160 °C para a goma arábica e a 
inulina, respectivamente. No que diz respeito à concentração do material de 
parede, 10% foi o valor mais optimizado para os ambos os biopolímeros. A análise 
comparativa destes resultados com os do primeiro estudo confirmam a 
concentração de material de parede, independentemente do princípio bioativo a 
encapsular, β-caroteno ou extrato de repiso de tomate (11,9 e 10% 
respetivamente). A temperatura de secagem quando a goma arábica é o material 
de parede verifica-se ser sempre relativamente elevada (173-200ºC).  
Após otimizar as condições de produção das micropartículas carregadas com 
extrato etanólico do repiso de tomate, avaliou-se a estabilidade das mesmas sob 
diferentes condições ambientais (humidade relativa, presença ou ausência de luz 
e composição atmosférica). Não obstante os resultados dos ensaios de secagem 
com 10% de biopolímero terem conduzido a melhores rendimentos do que quando 
esta concentração foi de 20%, o estudo de conservação foi efetuado com as duas 
concentrações. Durante o período de armazenamento, as microcápsulas de 
inulina e as de goma arábica carregadas com extrato do repiso de tomate 
apresentaram melhor estabilidade comparativamente ao extrato livre. Após 27 dias 
de armazenamento no escuro e sob atmosfera de azoto, as micropartículas de 
extrato do repiso de tomate com 20% e 10% de material de parede apresentaram 
uma degradação de licopeno de 11,2 e 41,2% para o caso da inulina, e de 43,6 e 
49,9% para o caso da goma arábica. Por outro lado, quando armazenadas na 
presença de luz e oxigénio, todas as amostras apresentaram 100% de 
degradação do licopeno, exceto as partículas com 20% de inulina, as quais 
apresentaram uma degradação de 86,4%. Os resultados confirmam a elevada 
degradabilidade do licopeno na presença de oxigénio ou luz. A encapsulação 
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apresenta-se como uma barreira eficaz que retarda a degradação deste tipo de 
compostos quando armazenada em condições menos adversas.  
Na prossecução dos objetivos do presente estudo foram analisados os perfis de 
libertação in vitro do extrato do repiso de tomate, microencapsulado em inulina ou 
goma arábica, em fluidos digestivos simulados (gástrico e intestinal) para 
selecionar a melhor formulação de partículas a ser incorporada em alimentos. 
Com este estudo pretendeu-se ainda avaliar o potencial dos materiais de parede 
para liberação controlada em zonas específicas do trato gastrointestinal. Os 
resultados mostraram que a libertação da maioria dos compostos bioativos 
presentes nas micropartículas ocorreu nos primeiros 20 minutos para ambos os 
fluidos digestivos simulados. Mais de 60% dos compostos bioativos foram 
liberados das partículas de goma arábica em fluido gástrico simulado, enquanto 
para as partículas de inulina a liberação neste fluido foi abaixo de 15%. Este facto 
pode indiciar que a microencapsulação usando inulina como material da parede é 
mais eficaz na proteção dos compostos bioativos durante a passagem pelo 
estômago (fluido gástrico simulado).  
Face aos resultados dos testes de libertação dos compostos bioativos 
encapsulados, em sucos gástricos simulados, efetuou-se um teste de 
bioacessibilidade utilizando um alimento. As partículas de inulina carregadas com 
extrato de repiso de tomate foram adicionadas ao iogurte e avaliou-se a 
bioacessibilidade do licopeno durante a digestão simulada. Observou-se maior 
libertação do licopeno no suco gástrico e intestinal, no caso das micropartículas 
previamente incorporadas em iogurte em relação apenas das micropartículas. 
Este aumento da taxa de libertação de licopeno no suco gástrico intestinal, no 
caso das microcápsulas incorporadas no iogurte, pode indicar que a presença de 
uma matriz alimentar contribuiu para reforçar a estabilidade dos compostos 
bioativos microencapsulados.  
Em conclusão, a microencapsulação do extrato do repiso de tomate por spray 
drying usando inulina como material de parede é uma boa estratégia para 
melhorar a estabilidade dos carotenoides durante o armazenamento, bem como o 
aumento da proteção ao material do núcleo durante o processo digestivo, 
permitindo a liberação de compostos bioativos no fluido intestinal simulado. 
No geral, a goma arábica e a inulina possuem um bom desempenho na 
microencapsulação do extrato de repiso de tomate pelo método de spray drying. 
Prevê-se um bom potencial para as cápsulas produzidas serem incorporadas em 
sistemas alimentares com diversas propriedades químicas e físicas. Sendo que as 
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partículas com 20% inulina apresentaram melhor capacidade de proteção em 
diferentes condições ambientais e no contato com os fluidos digestivos simulados. 
 
Palavras-chave: repiso de tomate; microencapsulação de bioativos; estabilidade; 
bioacessibilidade in vitro; incorporação em matrizes alimentares 
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Thesis outline 
 
 This thesis presents the work performed during the PhD project. In general, the 
works comprised in this thesis refer to the microencapsulation of carotenoids from 
a commercial source (β-carotene) and a natural source (tomato pomace), aiming at 
the stabilization of these bioactive compounds and their incorporation into the food 
matrices. It is organized into six chapters, the chapters 2 to 5 consisting on papers 
submitted for peer review. Each article comprises a short introduction and the 
objectives, methods and conclusions that contributed to achieve the overall 
objective of the thesis. A brief description of each chapter is presented below: 
 
Chapter 1 – General Introduction – This chapter presents a brief introduction on 
the main subject of the thesis, providing the motivation and main objectives of this 
work. 
 
Chapter 2 – Literature review: Advances in the application of microcapsules 
as carriers of functional compounds for food product – A literature review 
about the advances in the use of microcapsules loaded with active compounds in 
food applications, focusing on the main methods of microencapsulation as well as 
on the types of wall and core materials used to produce these microcapsules.  
 
Chapter 3 – Microencapsulation of β-Carotene by spray drying: Effect of wall 
material concentration and drying inlet temperature – The objective of this 
chapter was to study the microencapsulation process of a model carotenoid 
molecule (β-carotene) by spray drying, using arabic gum as wall material, intending 
to evaluate simultaneously the effect of drying inlet temperature and the wall 
material concentration using the response surface methodology coupled with a 
central composite rotatable design. As such, the focus of this chapter was to 
characterize the microcapsules obtained regarding drying yield, encapsulation 
efficiency, particles loading, morphology and size, as well as the antioxidant activity 
of the encapsulated β-carotene molecules in order to assess the efficiency of the 
encapsulation process. 
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Chapter 4 – Microencapsulation of tomato (Solanum lycopersicum L.) pomace 
ethanolic extract by spray drying: Optimization of process conditions – This 
chapter describes the microencapsulation process of an ethanolic tomato pomace 
extract by spray drying, using inulin and arabic gum as wall materials. The work is 
focused on the evaluation of the effect of drying air inlet temperature and 
concentration of wall material on the drying yield, loading capacity and antioxidant 
activity of encapsulated carotenoids. The production of microparticles loaded with 
tomato pomace extract, with diverse properties, taking into account the different 
behaviour in aqueous media of the wall materials used was carried out aiming at 
the future application in the formulation of food products. 
 
Chapter 5 – Microencapsulation of tomato (Solanum lycopersicum L.) pomace 
extract produced by spray drying: storage stability, incorporation in food 
matrix and in vitro bioaccessibility of microencapsulated lycopene – This 
chapter is focused on the stabilization of antioxidants from tomato pomace extract 
by spray drying process, using the best drying conditions and wall material 
concentrations found in chapter 4. The stability of the microparticles during storage 
under different environmental conditions as well as the in vitro release profiles of 
the microencapsulated tomato pomace extract in simulated digestive fluids were 
evaluated in order to select the best formulation for incorporation into food 
matrices. 
 
Chapter 6 – Overall conclusions and future perspectives – The overall 
conclusions of this work as well as recommendations for future research are 
presented in this chapter. 
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1.1. Introduction 
The world population has reached 7.68 billion people and is expected to 
reach 9 billion by 2050. There is general agreement that the planet's existing 
natural resources cannot withstand the large growth in human population, 
especially given current rates of consumption (Rodrigues, Nunes, & Oliveira, 
2017). Moreover, food industries generate large quantity of solid by-products 
that are turned into food wastes. Consequently, significant quantities of edible 
food mass are lost, discarded or degraded at different stages of the food supply 
chain: production, post-harvest handling, processing, distribution and 
consumption. It is estimated that each year approximately one-third of all food 
produced in the world is lost or wasted. These food losses represent not only a 
waste of resources used in production, but the loss of the economic value of the 
food produced (Carciochi et al., 2017; Iriondo-DeHond, Miguel, & del Castillo, 
2015). However, they are struggling to reduce organic wastes due to problems 
such as accumulation, handling and disposal costs.  
Plants in general are extremely rich in a large variety of functional 
compounds characterized by demonstrating important biological activities 
beneficial to human diet (e.g. antimicrobial, antiviral, antioxidant, antiradical 
activity, anti-inflammatory, antiatherosclerotic, and anticancer). Each part of 
them (roots, flowers, leaves, fruits, seeds) may represent a natural source of 
these compounds (Veneziani et al., 2017). As a result, most by-products in the 
food industry have functional compounds and nutrients. Therefore, they are 
excellent natural sources and with high potential for use in different applications 
as novel food ingredients. The valorization of waste and food by-products 
became an important research topic to improve the sustainability of the food 
chain (Iriondo-DeHond et al., 2015). Many researchers have investigated the 
potential use of agroindustrial by-products for their inclusion in the human diet, 
which could correctly solve the problem of waste associated with food 
processing and reduce industrial costs (Belović et al, 2016; García Herrera, 
Sánchez-Mata, & Cámara, 2010). 
Tomato is one of the most produced vegetables worldwide. The European 
Union produced approximately 17.6 million tonnes of tomatoes in 2015, of 
which circa 10% came from Portugal (1.4 million tonnes). Although tomatoes 
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are commonly consumed fresh, around 90% of the tomato consumption in 
Portugal corresponds to processed products such as tomato juice, paste, puree, 
ketchup and sauce (Eurostat, 2016). Tomato processing is accompanied by the 
generation of residues composed of bioorganic substances; about 5% of the 
total processed tomato is discarded. Tomato pomace, as the waste is called, is 
composed of 44% of seeds and 56% of pulp and skin and is generally used for 
animal feeding (Albanese et al., 2014; Viuda-Martos et al., 2014). Tomato 
pomace is a rich source of nutrients and bioactive compounds like sugars, 
fibres and carotenoids (García Herrera et al., 2010).  
Tomato fruit is considered a functional food due to epidemiological evidence 
linked to its risk of reducing certain types of cancer. Therefore, it constitutes a 
great source of antioxidant and nutritional compounds that contribute to the 
promotion of human health. It has diverse antioxidant molecules such as 
ascorbic acid, vitamin E, carotenoids, flavonoids and phenolic acids (George et 
al., 2004; Liedl et al., 2013).  However, lycopene is the main constituent present 
in tomato and has been shown to have high antioxidant capacity, protecting 
cells from oxidative damage. In the food industry, lycopene is used as a food 
additive to increase the shelf life of food products and contribute to increased 
food benefits such as nutritional quality. Moreover, it is also used as a natural 
food colouring due to its strong colour and fat-soluble and non-toxic properties 
(Liedl et al., 2013; Poojary & Passamonti, 2015). 
The large amount of by-products generated in the food industry, together 
with increasing awareness of the link between diet and health by consumers 
have led food researchers to seek new alternatives to value these food side 
streams and develop novel healthy food products. Among them, attention has 
been driven to the development of functional food products with the 
incorporation of natural functional bioactive molecules, with the intention of 
taking advantage of their health benefits. However, due to the high sensitivity of 
those functional compounds to environmental conditions (temperature, light, pH, 
and oxygen), bioactive compounds must be protected in order to preserve their 
expected benefits (Jacobs & Steffen, 2003). 
Microencapsulation by spray drying is a process used in the stabilization of 
active compounds from various natural sources, such as tomato by-products, 
with the purpose to be used as additives in the food industry. Also, 
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microencapsulated products are widely used in other areas of research, such as 
cosmetics and health industry, industrial chemicals, agricultural technology and 
other related industries. Normally, when the microcapsules reach their target 
sites, the microencapsulated ingredients may be released by diffusion through 
the outer coating or by dissolution of the encapsulating agent. Therefore, the 
specific characteristics of the microcapsules are very dependent on the purpose 
of the retained ingredient that may have various applications (Chen et al., 
2019). 
In general, microencapsulation process has been described as  suitables 
for various purposes, such as preservation of functional properties, masking 
undesirable flavours, prevention of exposure of volatile compounds, improved 
handling and utilization of bioactives, development of functional foods, 
controlled release profile of the bioactive compounds at the desired time and 
specific target, and increasing bioavailability of bioactive compounds (Bourbon, 
Cerqueira, & Vicente, 2016; Davidov-Pardo, Joye, & McClements, 2015). 
The composition of foods in terms of bioactive compounds and antioxidant 
activity are of great relevance in eating habits because of their role on the 
prevention of diseases related to free radicals. Although several studies have 
been conducted evaluating the content of these bioactives and nutrients of food 
matrices, residues and by-products, it is more important to know its 
bioaccessibility and bioavailability since the most abundant antioxidants present 
in the ingested foods may not correspond to the higher concentration of these 
active metabolites in the tissues (Palafox-Carlos, Ayala-Zavala, & González-
Aguilar, 2011; Žugčić et al., 2019).  
Bioaccessibility is defined as the portion of each active compound that is 
released from the food matrix during gastrointestinal digestion, making them 
accessible for absorption. On the other hand, bioavailability is the fraction of 
nutrients or ingested compounds that are then absorbed and reached in the 
specific sites where they can exert their biological action (Barba et al., 2017; 
Massounga Bora et al., 2018). Several researchers have already performed 
diverse studies that address the bioaccessibility of non-encapsulated functional 
compounds. However, there is a lack of knowledge about the release and 
bioacessibility of these compounds when microencapsulated and incorporated 
into food matrices. 
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1.2. Objectives 
The objective of this thesis was focused on the stabilization of tomato 
pomace ethanolic extract by spray drying microencapsulation using arabic gum 
and inulin as wall material, aiming at its incorporation in food matrices. In order 
to fulfil the general objective mentioned above, it was intended to accomplish 
the following specific research objectives: 
 
 The extraction and characterization of tomato pomace extract; 
 The study of microencapsulation of carotenoids with arabic gum using β-
carotene as model compound; 
 Optimization of the microencapsulation process by spray drying of 
tomato pomace extract using inulin and arabic gum as wall materials, in 
order to select the most appropriate encapsulates for stability and in vitro 
release studies; 
 Storage stability studies of microencapsulated tomato pomace extract 
under different environmental conditions; 
 In vitro delivery studies in simulated digestive fluids under static 
conditions, in order to select the most suitable encapsulates to be 
incorporated in food matrices; 
 Incorporation of microcapsules in food matrices in order to evaluate the 
bioacessibility of lycopene in simulated digestive fluids. 
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Abstract 
Natural bioactive compounds and living cells have been reported as promising 
products with beneficial properties to human health. The constant challenge 
regarding the use of these components is their easy degradation during 
processing and storage. However, their stability can be improved with the 
microencapsulation process, in which a compound sensitive to adverse 
environmental conditions is retained within a protective polymeric material. 
Microencapsulation is a widely used methodology for the preservation and 
stabilization of functional compounds for food, pharmaceutical and cosmetic 
applications. The present review discusses the advances in the production and 
application of microcapsules loaded with functional compounds in food 
products. The main methods for producing microcapsules, as well as the 
classes of functional compounds and wall materials used, are presented. 
Additionally, the release of compounds from loaded microcapsules in food 
matrices and in simulated gastrointestinal conditions is also assessed. 
Keywords: microencapsulation methods; microcapsules; wall and core 
materials; stabilization of bioactive compounds; controlled release; 
incorporation in food matrix. 
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2.1. Introduction 
 
Research on microencapsulation began in the late 1930s. However, it was 
only in the 1950s that the microencapsulation process was first applied in 
industry when the National Cash Register Company developed "carbonless 
carbon paper" using the coacervation technique. Currently, different industrial 
sectors such as pharmaceuticals, cosmetics, agricultural, textiles and food use 
the process of microencapsulation for various purposes (Estevinho, Rocha, 
Santos, & Alves, 2013; Gonçalves, Estevinho, & Rocha, 2016). Moreover, as 
the encapsulation field is expanding rapidly, international groups and 
organizations such as the Bioencapsulation Research Group 
(http://bioencapsulation.net/) have been established. The aforementioned group 
has been active in the field of encapsulation since 1990, playing an important 
role in the development and improvement of encapsulation technologies, and 
providing knowledge through conferences and training schools. 
Concerning the food industry, the growing consumer interest in functional 
food products with nutritional quality, safety, improved shelf-life, and which can 
offer health benefits, has shifted the interest of researchers and companies to 
the use of artificial substances to natural bioactive compounds from fruits, 
vegetables, pulses, roots and other plant sources (Reineccius, 2019; Shishir et 
al., 2018) However, many natural bioactive ingredients are unstable, being 
prone to oxidation, which is increased by exposure to light, and is also affected 
by heat, pH, and moisture content. As such, the food industry is interested in 
stabilization technologies for the preservation of functional properties of 
bioactive materials during processing and storage, in modifying the physical 
properties of the bioactive compounds to allow easier handling, in designing the 
release at the desired time and to specific targets, and in the increase of their 
bioavailability (Champagne & Fustier, 2007; Janiszewska-Turak, 2017; 
Moschakis & Biliaderis. 2017). 
Microencapsulation is a process in which small particles or droplets of liquid 
are wrapped or coated by a polymeric material to produce small particles which 
are called microcapsules or microspheres. The difference between them arises 
from their internal structure and morphology: microcapsules – the object of this 
review – are hollow internally possessing a reservoir system, while 
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microspheres are dense matrix systems. This process allows the active 
ingredient, also named the core material, to be protected from adverse external 
environmental conditions by the coating, which is called the encapsulating 
agent or wall material (Jyothi et al., 2012; Paulo & Santos, 2017; Vinceković et 
al., 2017). The microparticles can exhibit different morphologies, being 
dependent on the properties of the core, wall material and microencapsulation 
technique. Figure 2.1 shows a representation of the main types of 
microcapsules that can be formed, including multi-wall and single wall systems, 
with single or multi-cores, with the core entrapped inside the capsule or within 
the wall, and with spherical or irregular shapes. 
 
 
 
Figure 2.1. Main morphologies of loaded microcapsules. (a) multi-wall with 
single core; (b) single-wall with multi-core; (c) single-wall with single core; (d) 
irregular shape with single core and wall. 
 
A large variety of works have been reported in the literature regarding the 
microencapsulation of natural bioactive compounds such as antioxidants 
present in aqueous extracts (e.g., phenolic compounds (de Souza et al., 2018; 
Jimenez-Gonzalez et al., 2018; Kaderides, Goula, & Adamopoulos, 2015; 
Oancea et al., 2018; Yamashita et al., 2017), carotenoids (García et al., 2018; 
Kaushik et al., 2015; Lee et al., 2018; Li et al., 2015; Nalawade & Gajjar, 2016; 
Ursache et al., 2018), organic extracts, or essential oils (Campelo et al., 2018; 
Dima et al., 2016), as well as living cells (Bosnea et al., 2017; C. O. Dias et al., 
2018; Moayyedi et al., 2018; Nunes et al., 2018; Sultana et al., 2018). 
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Microcapsules produced for the purpose of incorporation into food products 
must be formed by a food-grade wall material, and edible polymers such as 
maltodextrin, inulin, arabic gum, and starch, among others, have emerged as 
candidates (Martins et al., 2014). 
The present work highlights the recent advances in stabilization strategies 
for the production of microcapsules loaded with bioactive natural materials for 
food applications. It includes the most commonly used encapsulation 
processes, the bioactive materials studied as core materials, and the food grade 
biopolymers used as wall materials. Additionally, attention is also focused on 
the stability of the encapsulated core materials upon incorporation in food 
products and the release properties in the gastrointestinal tract after ingestion in 
order to envisage their potential bioavailability (Figure 2.2). 
 
Figure 2.2. Summary of topics addressed in this paper 
 
 
2.2. Methods for the production of microcapsules loaded with bioactive 
compounds  
 
Several methods for the encapsulation of bioactive compounds have been 
studied, such as spray drying, coacervation, freeze drying, electrospraying, 
ionic gelation, and fluidized bed coating (Poshadri & Aparna, 2010). Table 2.1 
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shows an overview of the encapsulation systems referred recently in the 
literature, indicating the methods, the wall materials, and the bioactive 
compounds used. 
 
Table 2.1. Encapsulation systems of bioactive compounds for food applications 
 
Wall 
material 
Core 
Material 
Core material 
source 
Main properties/ 
applications 
studied  
Refs 
Spray Drying 
Arabic gum   
Gelatin 
Maltodextrin 
Anthocyanins Barberry extract 
Stabilization of 
active ingredient 
(Akhavan 
Mahdavi 
et al., 
2016) 
Arabic gum 
Maltodextrin 
Anthocyanins 
Carotenoids 
Tamarillo 
Stabilization of 
active ingredient 
Storage stability 
(Ramakri
shnan et 
al., 2018) 
Arabic gum 
Maltodextrin 
Whey protein 
Carotenoids Carrot 
Stabilization of 
active ingredient 
(Janisze
wska-
Turak et 
al., 2017) 
Arabic gum 
Whey protein 
Carotenoids  Gac oil 
Storage stability 
Incorporation in food 
matrix 
(Kha et 
al., 2015) 
Maltodextrin Carotenoids  
Mango 
Banana 
Tamarillo 
Stabilization of 
active ingredient 
Storage stability 
(García 
et al., 
2018) 
Maltodextrin  
Sodium 
caseinate 
Carotenoids Red palm oil 
Stabilization of 
active ingredient 
(Lee et 
al., 2018) 
Arabic gum  
Soy protein 
Carotenoids Tomato oleoresin 
Stabilization of 
active ingredient 
Storage stability 
Controlled release 
of bioactives from 
microcapsules 
(Li et al., 
2015) 
Arabic gum Carotenoids β-carotene 
Stabilization of 
active ingredient 
 
(Corrêa-
Filho et 
al., 2019) 
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Wall 
material 
Core 
Material 
Core material 
source 
Main properties/ 
applications 
studied  
 
Refs 
Alginate 
Chitosan 
Inulin 
Essential oil Coriander 
Controlled release 
of bioactives from 
microcapsules 
(Dima et 
al., 2016) 
Inulin Essential oil Oregano 
Controlled release 
of bioactives from 
microcapsules 
(Beirão-
da-Costa 
et al., 
2013) 
Maltodextrin 
Whey protein 
Essential oil Lime 
Controlled release 
of bioactives from 
microcapsules 
(Campelo 
et al., 
2018) 
Maltodextrin Lutein Marigold flowers 
Stabilization of 
active ingredient 
(Nalawad
e & 
Gajjar, 
2016) 
Maltodextrin 
Phenolic 
compounds 
Laurel infusions 
Controlled release 
of bioactives from 
microcapsules 
(Medina-
Torres et 
al., 2016) 
Arabic gum 
Maltodextrin 
Phenolic 
compounds  
Renealmia alpinia 
Stabilization of 
active ingredient 
Storage stability 
(Jimenez-
Gonzalez 
et al., 
2018) 
Arabic gum 
Maltodextrin 
Skimmed 
milk  
Whey protein 
Phenolic 
compounds 
Pomegranate 
peels 
Stabilization of 
active ingredient 
Incorporation in food 
matrix 
(Kaderide
s et al., 
2015) 
Arabic gum 
Maltodextrin 
β-
Cyclodextrin 
Chitosan 
Gelatin 
Phenolic 
compounds  
Plum Storage stability 
(Yinbin et 
al., 2018) 
Maltodextrin 
Phenolic 
compounds 
Cinnamon 
infusions 
Stabilization of 
active ingredient 
Controlled release 
of bioactives from 
microcapsules 
 
(Santiago
-Adame 
et al., 
2015) 
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Wall 
material 
Core 
Material 
Core material 
source 
Main properties/ 
applications 
studied  
 
Refs 
Maltodextrin 
Phenolic 
compounds  
Averrhoa 
carambola 
pomace 
In vitro simulated 
gastrointestinal 
digestion release of 
bioactives from 
microcapsules 
 
(Saikia et 
al., 2015) 
Maltodextrin 
Pea protein 
Whey protein 
Phenolic 
compounds 
Grape marc 
Storage stability 
In vitro simulated 
gastrointestinal 
digestion release of 
bioactives from 
microcapsules 
(Moreno, 
et al., 
2018) 
Whey protein Polyphenols  Vanilla 
Stabilization of 
active ingredient 
Storage stability 
(Calva-
Estrada 
et al., 
2018) 
Arabic gum 
Inulin 
Probiotic 
bacteria 
Lactobacillus 
acidophilus 
Storage stability  
In vitro simulated 
gastrointestinal 
digestion release of 
probiotics from 
microcapsules 
(Nunes et 
al., 2018) 
Arabic gum 
Maltodextrin 
Modified 
starch 
Whey protein 
Probiotic 
bacteria 
Saccharomyces 
cerevisiae 
In vitro simulated 
gastric digestion 
release of probiotics 
from microcapsules 
(Arslan et 
al., 2015) 
Arabic gum 
High maize 
starch 
Maltodextrin 
Probiotic 
bacteria 
Lactobacillus 
acidophilus 
Storage stability 
(Reyes et 
al., 2018) 
Goat’s milk 
Inulin 
Oligofructose 
Probiotic 
bacteria 
Bifidobacterium 
In vitro simulated 
gastrointestinal 
digestion release of 
the probiotics from 
microcapsules 
(Verruck 
et al., 
2017) 
 
Inulin 
Maltodextrin  
 
Probiotic 
bacteria 
 
Bifidobacterium 
 
Stabilization of 
active ingredient 
Storage stability 
 
(C. O. 
Dias et 
al., 2018) 
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Wall 
material 
Core 
Material 
Core material 
source 
Main properties/ 
applications 
studied  
 
Refs 
Maltodextrin 
Skim milk 
Trehalose 
Probiotic 
bacteria 
Lactobacillus 
casei 
In vitro simulated 
gastrointestinal 
digestion release of 
the probiotics from 
microcapsules  
Storage stability 
(Liao et 
al., 2017) 
Arabic gum Vitamin A Retinol 
Controlled release 
of bioactives from 
microcapsules 
 
(Gonçalv
es et al., 
2017) 
Freeze-drying 
Maltodextrin Anthocyanins 
Blackberry pulp 
pomace 
Stabilization of 
active ingredient 
(Yamashi
ta et al., 
2017) 
Arabic gum 
Whey protein 
Anthocyanins Sour cherries 
In vitro simulated 
gastrointestinal 
digestion release of 
bioactives from 
microcapsules 
Incorporation in food 
matrix 
(Oancea 
et al., 
2018) 
Maltodextrin 
Phenolic 
compounds 
Averrhoa 
carambola 
pomace 
In vitro simulated 
gastrointestinal 
digestion release of 
bioactives from 
microcapsules 
(Saikia et 
al., 2015) 
Maltodextrin 
β-
cyclodextrin 
Polyphenols Green tea Incorporation in food 
(Pasrija 
et al., 
2015) 
 
Denatured 
whey protein 
FOS* 
Sodium 
alginate 
Whey protein 
Probiotic 
bacteria  
Lactobacillus 
plantarum 
Stabilization of 
active ingredient 
Storage stability 
(Rajam et 
al., 2015) 
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Wall 
material 
Core 
Material 
Core material 
source 
Main properties/ 
applications 
studied  
 
Refs 
Inulin 
Persian gum 
Whey protein  
 
Probiotic 
bacteria 
 
Lactobacillus 
rhamnosus 
In vitro simulated 
gastrointestinal 
digestion release of 
probiotics from 
microcapsules 
Storage stability 
(Moayyed
i et al., 
2018) 
Maltodextrin 
Probiotic 
bacteria 
Saccharomyces 
cerevisiae 
Controlled release 
of bacteria from 
microcapsules  
Storage stability 
(Sultana 
et al., 
2018) 
Coacervation 
Arabic gum Anthocyanins Black raspberry 
Stabilization of 
active ingredient 
Storage stability 
(Shaddel 
et al., 
2018) 
Arabic gum 
Whey protein 
Astaxanthins 
Haematococcus 
pluvialis 
 
Storage stability 
In vitro and in vivo 
simulated 
gastrointestinal 
digestion release of 
bioactives from 
microcapsules 
(Q. Zhou 
et al., 
2018) 
Arabic gum 
Whey protein 
Carotenoids Sea buckthorn 
Stabilization of 
active ingredient  
(Mihalcea 
et al., 
2017) 
Arabic gum 
Whey protein 
Carotenoids  Sea buckthorn 
Incorporation in food 
matrix 
(Ursache 
et al., 
2018) 
Chitosan 
Pectin 
Xanthan gum 
Carotenoids Palm oil 
Incorporation in food 
matrix 
In vitro simulated 
gastrointestinal 
digestion release of 
bioactives from food 
matrix 
(Rutz et 
al., 2017) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Advances in the application of microcapsules as carriers of functional compounds for 
food product 
 
 19  
 
Wall 
material 
Core 
Material 
Core material 
source 
Main properties/ 
applications 
studied  
 
Refs 
CMC*  
Chitosan 
TPP* 
Carotenoids 
Palm oil  
Soybean oil with 
β-carotene 
Incorporation in food 
matrix 
In vitro simulated 
gastrointestinal 
digestion release of 
bioactives from 
microcapsules and 
food matrix 
(Rutz, et 
al., 2016) 
Arabic gum 
Gelatin 
Phenolic 
compounds 
Echium oil 
Stabilization of 
active ingredient 
(Comunia
n et al., 
2016) 
Arabic gum 
Gelatin 
Phenolic 
compounds  
Broccoli 
Stabilization of 
active ingredient 
(Sánchez 
et al., 
2016) 
Arabic gum  
Gelatin 
Phenolic 
compounds 
Cinnamon 
Stabilization of 
active ingredient 
(de 
Souza et 
al., 2018) 
Arabic gum   
Gelatin 
Probiotic 
bacteria 
Bifidobacterium 
In vitro simulated 
gastrointestinal 
digestion release of 
probiotics from 
microcapsules 
Storage stability 
(Marques 
da Silva 
et al., 
2018) 
Arabic gum 
Whey protein 
Probiotic 
bacteria 
Lactobacillus 
paracasei 
 
Lactobacillus 
paraplantarum 
Stabilization of 
active ingredient 
In vitro simulated 
gastrointestinal 
digestion release of 
probiotics from 
microcapsules 
(Bosnea 
et al., 
2017) 
Arabic gum 
Gelatin 
Xylitol Commercial 
Stabilization of 
active ingredient 
Controlled release 
of bioactives from 
microcapsules 
(Santos 
et al., 
2015) 
* FOS - Fructooligosaccharide; CMC- Carboxymethylcellulose; TPP – Sodium 
tripolyphosphate 
 
Spray drying is one of the oldest techniques used for the production of 
microparticles, in which dehydrated products in the form of fine powders are 
obtained. Nowadays, this technique is widely used in the food industry due to its 
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low production costs, simplicity, ease of scaling up, and ability to produce 
microparticles with good properties for several uses. Moreover, water removal 
by spray drying ensures the microbiological quality and facilitates the transport, 
dosing, and storage of the obtained products. (Encina et al., 2016; Pellicer et 
al., 2018). The main drawback of the spray drying technology is the type of wall 
materials that can be used: as most formulations used by the food industry in 
this process are aqueous-based, the wall material used must have a good water 
solubility and simultaneously impart a suitable viscosity in order to enable the 
drying process (Gharsallaoui et al., 2007; Gonçalves et al., 2016). 
The microencapsulation process by spray-drying is comprised of the 
following steps: feed preparation (may be a solution, a suspension, or emulsion, 
containing the wall and core materials), atomization of the feed in small 
droplets, rapid drying of liquid droplets in contact with a stream of hot gas (e.g., 
air) resulting in the instantaneous formation of the microparticles in the form of 
powder, and finally powder recovery. The temperature of the drying inlet air 
used is usually between 110 and 220°C, and the exposure time of the feed 
solution at these high temperatures is only a few milliseconds. The temperature 
inside the microparticles, where the core material is present, is normally below 
80°C, which helps to minimize the thermal degradation of the material (Castro-
Rosas et al., 2017; Estevinho et al., 2013; Gonçalves et al., 2016). 
The properties of the resulting powder are influenced by the type of 
atomizer, feed physicochemical properties, drying air inlet and outlet 
temperatures, as well as the type and concentration of wall and core materials. 
When microcapsules are produced with hydrophobic active ingredients 
dispersed in feed emulsions, the microencapsulated bioactives are normally 
distributed within the thin wall and/or in the inner space. However, 
microencapsulated bioactives are more likely to be distributed within the thin 
wall if they are completely soluble in the feed solution along with the wall 
materials. Microcapsules usually show a spherical shape, with a low average 
particle size, ranging from 5 to 50 µm, and have a smooth outer surface or 
exhibit the formation of teeth or concavities with an irregular shape (Estevinho 
et al., 2013; Fang & Bhandari, 2010; Shishir & Chen, 2017). 
Microencapsulation by freeze-drying is a process in which the feed 
containing the wall and core materials is frozen at temperatures below –40°C 
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and dried by sublimation under low pressure. The freeze-drying technique is 
simple and suitable for the microencapsulation of biological materials sensitive 
to heat and oxygen due to the application of low temperatures and removal of 
oxygen during the drying process. Different active ingredients such as phenolic 
compounds, carotenoids, and probiotic bacteria have been stabilized by the 
freeze-drying method (Fang & Bhandari, 2010; Ozkan et al., 2019). However, 
this technique has some constraints, such as high energy consumption and 
operational cost due to the long processing time (above 20 h). In comparison to 
spray drying, method can be up to 50 times more expensive. Furthermore, the  
dried material has a porous structure which exposes the active ingredient 
encapsulated to the atmosphere, thus offering low protection for a prolonged 
shelf life of that compound (Gharsallaoui et al., 2007; Kaushik et al., 2015; Ray, 
Raychaudhuri, & Chakraborty, 2016).  
Coacervation is a process in which the separation of two liquid phases in an 
aqueous colloidal solution occurs. One phase is rich in colloid/polymer 
(coacervate) and the other phase, called the equilibrium solution, is poor in 
polymer. This phase separation may be induced by changing the ionic strength, 
temperature, pH or solubility of the dissolving medium (Castro-Rosas et al., 
2017; Kaushik et al., 2015).  
The process of coacervation in aqueous phase is classified as simple 
coacervation when it is induced in a system where the wall material is a single 
polymer, or complex coacervation that is characterized by the interaction 
between oppositely charged wall materials, usually a protein and a 
polysaccharide, leading to a phase separation due to the electrostatic attraction 
between macromolecules. Several polymers have been used to produce 
complex coacervates, such as gelatin, arabic gum, whey protein isolate, 
chitosan, pectin, pea protein, and alginate, among others (Table 2.1) (Castro-
Rosas et al., 2017; Eratte et al., 2018; Kaushik et al., 2015). Complex 
coacervation has been used for the microencapsulation of different unstable 
active ingredients such as carotenoids (Mihalcea et al., 2017; Rutz et al., 2016; 
Ursache et al., 2018), oils (Comunian et al., 2016; Rutz et al., 2017), phenolic 
compounds (Sánchez et al., 2016; Shaddel et al., 2018; Q. Zhou et al., 2018), 
and probiotic bacteria (Bosnea et al., 2017; Marques da Silva et al., 2018) 
(Table 2.1). Four major steps are involved in this encapsulation process: 
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emulsification, coacervation itself, gelation and hardening. In some cases, 
crosslinking agents, such as transglutaminase, calcium ions or 
tripolyphosphate, are used to increase the strength of the capsule wall during 
the gelation and hardening steps (Eghbal & Choudhary, 2018). 
Microcapsules produced by complex coacervation can present various 
morphologies and sizes (ranging from 5 to 200 µm) depending on changes in 
pH, ionic concentration, emulsion formation method, as well as the type and 
concentration of wall materials and bioactive compounds. Normally, capsules 
obtained at low homogenization rate during the emulsification process show a 
mononuclear morphology, that is, a single droplet with the active ingredient is 
surrounded by the shell. However, when they are formed at high 
homogenization rate they are more likely to have a multinucleated morphology, 
i.e., multiple small droplets of core materials surrounded by a bigger shell 
(Eghbal & Choudhary, 2018; Kaushik et al., 2015).  
 
2.3. Wall Materials 
 
Wall materials have different chemical structures and physicochemical 
properties that influence the efficiency of the microencapsulation process. As 
such, their correct selection is an important step due to their direct effect on the 
stability of the microcapsules, efficiency of core material retention, and shelf life 
(Kang et al., 2019; Ray et al., 2016).  The wall material must have suitable 
rheological properties at high concentrations and the ability to emulsify the 
active material, stabilize the produced emulsions, and keep the core material 
within its structure during processing or storage (Chang, Varankovich, & 
Nickerson, 2016; Ray et al., 2016). It is also quite important the purpose for 
which the microcapsules are produced, such as easier dosage and increased 
stability during storage, to mask undesirable taste of the core material, or the 
controlled release on a specific site in the human gastrointestinal tract (Kuang, 
Oliveira, & Crean, 2010).  
Various types of wall materials have been used for the production of 
microcapsules, such as polysaccharides (e.g., starches, carrageenan, 
maltodextrins, and arabic gum), lipids (e.g., stearic acid, mono- and 
diglycerides), proteins (e.g., albumins, pea protein, gelatin, and casein), and 
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their mixtures (Table 1). Of these, maltodextrin and arabic gum are two of the 
most commonly applied (Akhavan Mahdavi et al., 2016; Costa et al., 2015; 
Murugesan & Orsat, 2011). 
Arabic gum (gum acacia) is a complex exudate of acacia trees, of which 
there are many species distributed over tropical and subtropical regions. The 
most important growing areas for species that give the best gum are Sudan and 
Nigeria. Arabic gum is commonly used as a purified spray-dried powder  
(Akhavan Mahdavi et al., 2016; Damodaran, Parkin, & Fennema, 2007). It is a 
highly branched edible biopolymer and is chemically described as a mixture 
composed of carbohydrates consisting of D-glucuronic acid, L-rhamnose, D-
galactose, 4-O-methyl-D-glucuronic acid, and L-arabinose, including 
approximately 2% protein (Gonçalves et al., 2017; Ordoñez & Herrera, 2014). 
Due to its highly ramified structure, it is easily dispersed when stirred in water in 
concentrations of up to 50%. . This gum is used  in the fabrication of 
microcapsules mainly due to its low viscosity at high concentrations, good 
emulsifying properties that are especially interesting to the microencapsulation 
of oils and flavours (Akhavan Mahdavi et al., 2016; Costa et al., 2015), 
compatibility with high sugar concentrations, subtle taste and high oxidative 
stability (Costa et al., 2015; Damodaran et al., 2007). 
Other application of arabic gum in food are as a component of the glaze or 
coating of pan-coated candies in confections with high sugar and low water 
contents such as caramels, toffees, and jujubes. In confections, it prevents 
sucrose crystallization and emulsifies and distributes fatty components 
(Damodaran et al., 2007). Nonetheless, arabic gum has some disadvantages, 
such as high cost and limited supply, as it is only produced in regions that are 
subject to unpredictable climate variations (Krishnan, Bhosale, & Singhal, 2005; 
Ordoñez & Herrera, 2014). 
Maltodextrins are produced from starch hydrolysis with values of dextrose 
equivalent (DE) below 20. The degree of hydrolytic conversion of starch, 
expressed as DE value, is the criterion for the classification and characterization 
of hydrolysates. The higher the value of DE, the higher the degree of hydrolysis 
the product was subjected to. For DE values above 20, the hydrolysate is 
termed syrup solids or dextrin (Chronakis, 1998; Dokic, Jakovljevic & Dokic, 
2004). 
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Maltodextrin has been widely used in the microencapsulation of bioactive 
compounds due to its satisfactory performance, low relative cost, and neutral 
taste and aroma. It is characterized by high solubility in water, low viscosity at 
high concentrations, film forming capacity, and good protection against the 
oxidation of core materials. On the other hand, the main disadvantage of the 
use of maltodextrin in the microencapsulation process is the low emulsifying 
ability. Thus, to form stable emulsions, mixing with other wall materials such as 
arabic gum, modified starch, and proteins is encouraged (Costa et al., 2015; 
Kang et al., 2019; D. Zhou et al., 2017). 
Akhavan Mahdavi et al., (2016) evaluated the influence of maltodextrin 
alone and mixed with gelatin or arabic gum when used as wall material in the 
microencapsulation of natural anthocyanins by spray drying. The authors 
concluded that the mixture of maltodextrin with arabic gum imparted a better 
protection to anthocyanin pigments and presented a higher encapsulation 
efficiency. In terms of particle morphology, that of maltodextrin/arabic gum was 
smooth and had fewer agglomerates and concavities on their surface when 
compared to maltodextrin and maltodextrin/gelatin microcapsules. 
Inulin is another promising material for use in encapsulation. This polymer 
belongs to the group of fructans composed mostly of β(2-1) linked fructosyl-
fructose units wherein each fructose chain is generally terminated with an α(2-1) 
linked glucose moiety (Botrel et al., 2016; Jain et al., 2014; Niness, 1999). The 
chain lengths of these fructans range from 2 to 60 units, with an average DP of 
12. DP influences important properties, such as solubility, thermal stability, 
sweetness power and prebiotic activity (Kawai et al., 2011; Lopes et al., 2015). 
Standard chicory inulin has an average DP of about 10 to 12. Long-chain (or 
high performance) chicory inulin, from which the lower DP fraction has been 
physically removed, with an average DP of about 25, is also available (Stephen, 
1995).  
Inulin has attracted attention from various researchers and industries due to 
reports of its many benefits, such as the nutrition of beneficial intestinal 
bacteria, the reduction of the risk of gastrointestinal diseases, the regulation of 
blood glucose, the promotion of mineral absorption, the improvement of the 
immune system, the prevention of osteoporosis, and the reduction of the risk of 
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obesity and cholesterol level (González-Herrera et al., 2015; Luo et al., 2017; 
Shoaib et al., 2016). 
Inulin is not digested by the human digestive system, which does not have 
enzymes to separate the β (2-1) bonds in the fructose back bone. Therefore, 
most dietary inulin has the ability to stimulate the proliferation of specific 
bacteria in the lower colon (bifidobacterium and lactobacillus), thus reducing the 
number of harmful species such as Escherichia coli and Clostridium spp. (Jain 
et al., 2014; Madrigal & Sangronis, 2007). 
The main applications of inulin are related to its technological properties, 
such as a substitute for sugars and fats in low-calorie foods, as a thickener, 
emulsifier, and gelling agent, and it may constitute a potential auxiliary agent for 
drying processes (Botrel et al., 2016; Lopes et al., 2015). In the field of 
bioactives encapsulation, the use of inulin as wall material enables its health 
benefits to be harnessed, and at the same time it allows the release of bioactive 
compounds in the colon due to its resistance to pH variations in the 
gastrointestinal tract (Dima et al., 2016; Fernandes et al., 2016). 
 
2.4. Core materials 
 
The core materials, which are also called coated material and actives, 
among other names, can be pure active substances or mixtures of high-added-
value components extracted from plant leaves, flowers, stems, fruits, 
vegetables, or several agricultural residues. Examples of such materials are 
natural antioxidant bioactive compounds (carotenoids, phenolic compounds), 
vitamins, flavors, enzymes, and microbial cells (e.g., probiotic bacteria) (D. R. 
Dias et al. 2017; Rezende, Nogueira, & Narain, 2018; Rodriguez-Amaya, 2018) 
(Table 2.1).  
Carotenoids, the most studied of the natural food pigments, are widely 
studied due to their beneficial effects on human health and their colour. Some of 
the main benefits of carotenoids are the prevention of many diseases such as 
cancer, heart and vascular diseases, cataracts, hypertension, age-related 
macular degeneration, and diabetes, among others. Additionally, carotenoids 
also have the functionality of enhancing intercellular communication and 
immune system activation. Carotenoids are divided into two classes based on 
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functional group: (1) xanthophylls, molecules containing oxygen such as lutein, 
zeaxanthin, and β-cryptoxanthin; and (2) carotenes, non-oxygenated molecules 
such as α-carotene, β-carotene, and lycopene. (Amorim-Carrilho et al., 2014; 
Saini, Nile, & Park, 2015). These are lipophilic pigments responsible for 
imparting the yellow, orange, red, and green colour in many foods such as 
carrots, sweet potato, pumpkin, broccoli, and spinach (α-carotene and β-
carotene), tomatoes, watermelon, and guava (lycopene), mandarin, orange, 
papaya, and egg yolks (β-Cryptoxanthin), and leafy greens such as spinach, 
collard, and kale (lutein and zeaxanthin) (Amorim-Carrilho et al., 2014). 
Phenolic compounds have been considered as promising bioactive 
molecules for the pharmaceutical and food industries. They constitute one of 
the most numerous groups of plant secondary metabolites. This group is 
constituted by molecules of different molecular weights and chemical structures, 
such as flavonoids, phenolic acids, stilbenes, tannis, and coumarins. Phenolic 
compounds are antioxidant, anti-inflammatory, and/or as antimicrobial agents. 
Therefore, the ingestion of polyphenol-rich food products may reduce the risk of 
developing cancer, cardiovascular diseases, diabetes, and osteoporosis. Fruits 
(e.g., grapefruit, lemon, blueberry, and strawberry), vegetables (e.g., potato, 
spinach, asparagus, artichoke, and lettuce), beverages (e.g., coffee, red wine, 
black and green teas, and orange and grapefruit juices), and herbs (e.g., basil, 
parsley, thyme, and mint) are examples of sources of phenolic compounds 
(Jakobek, 2015; Saikia et al., 2015). Foods enriched in these compounds show 
a delay in the formation of toxic oxidizing products and a prolonged shelf life 
(Hogervorst Cvejić et al., 2017). 
Essential oils are complex mixtures of volatile lipophilic substances 
characterized by a strong flavor, They are plant secondary metabolites that can 
be synthesized by the whole plant (e.g., mint, lavender) or stored in certain 
parts of the plant, such as flowers (e.g., chamomile, bergamot), leaves (e.g., 
eucalyptus, basil, and lemongrass), rhizomes (e.g., turmeric, ginger), or seeds 
(e.g., nutmeg, cloves). They are commonly used in the cosmetic, 
pharmaceutical, and food industries due to their flavour or biological activities 
(e.g., antioxidant and antimicrobial properties). However, large losses of 
essential oil active compounds are common during the handling and storage, 
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due to their extreme sensitivity to oxidation, resulting in losses of their valuable 
properties (Martins et al., 2014; Rodríguez et al., 2016).  
Probiotic bacteria are a group of bacteria that when present in sufficient 
quantity may confer health benefits to the host. Human health benefits 
associated with probiotics include efficacy in the treatment of various intestinal 
disorders, inhibition of pathogenic microorganisms, improved tolerance to 
lactose, prevention of some cancers, reduction of total cholesterol, improvement 
of the immune system and increase of the intestinal microbiota. However, 
probiotics must survive in the digestive tract, that is, they must be able to pass 
through the acidic conditions (pH = 2) of the gastric environment and reach the 
intestine in sufficient quantities to allow their colonization and proliferation. 
Additionally, the viability of probiotics is affected by other factors than pH, such 
as hydrogen peroxide, oxygen, and storage temperature, which may limit their 
effectiveness in most functional foods. Thus, microencapsulation of probiotics is 
an alternative to protect them against these adverse conditions. The probiotic 
microorganisms most used in the food industry and in microencapsulation 
processes are Lactobacillus and Bifidobacteria strains (Eratte et al., 2018; 
Martín et al., 2015; Shori, 2017). 
 
2.5. Recent advances in the stabilization of bioactive compounds 
 
Over the past five years, researchers have shown great interest in using 
spray-drying, freeze-drying, and coacervation techniques using different wall 
and core materials. Wall materials, such as maltodextrin and arabic gum, and 
core materials, such as probiotic bacteria, phenolic compounds, and 
carotenoids were some of the most widely used materials (Table 2.1). 
The stabilization of carotenoids from fruit juices (carrot and tamarillo) was 
performed by spray-drying in studies comparing the influence of different wall 
materials (arabic gum and maltodextrin) on chemical and physicochemical 
properties of the microcapsules (Janiszewska-Turak et al., 2017; Ramakrishnan 
et al., 2018). The authors observed that arabic gum particles presented greater 
carotenoid retention and encapsulation efficiency when compared to the 
maltodextrin ones. Furthermore, Ramakrishnan et al. (2018) also analyzed the 
storage stability of the microcapsules in relation to their antioxidant activity and 
Advances in the application of microcapsules as carriers of functional compounds for 
food product 
 
 28  
 
the amount of carotenoids retained under different storage conditions. It was 
observed that powders produced with arabic gum stored at 25°C for 24 days 
had a higher rate of carotenoid degradation than powders produced with 
maltodextrin. This fact was attributed to a higher rate of water activity at the 
beginning of the storage period, being more susceptible to degradation of the 
compounds and loss of antioxidant activity.  
Another microencapsulation technique that has been used to stabilize 
carotenoids is complex coacervation. Mihalcea et al. (2017) and Ursache et al. 
(2018) studied the stabilization of carotenoids from sea buckthorn by 
microencapsulation using whey protein isolate as wall material. In both works, 
the authors suggest that the wall material used is a capable matrix for the 
encapsulation of carotenoids, presenting encapsulation efficiency varying 
between 41 and 56%. Also, laser confocal scanning microscopy confirmed that 
carotenoids were within the coacervates produced. Overall, the authors 
recommend that the microcapsules produced in the study have potential for use 
in the food industry as a natural source of antioxidants. 
Yinbin et al. (2018) evaluated the effect of different combinations of wall 
materials (maltodextrin/arabic gum, maltodextrin/gelatin, maltodextrin/chitosan 
and maltodextrin/β-cyclodextrin/arabic gum) on microencapsulation of plum 
phenolic compounds by spray drying. Encapsulation efficiency and storage 
stability of the microparticles were assessed. According to the authors, the 
stabilization of plum phenolic compounds was successfully achieved for all 
combinations of wall materials used. However, microcapsules produced with 
maltodextrin/chitosan showed higher retention of phenolics, above 94%, during 
storage for 60 days at 25°C, compared to other microcapsules (between 80 and 
90%) and to non-encapsulated phenolics (31%). Additionally, it was observed 
that the microcapsules with a smooth external surface demonstrated better 
protection of the phenolic compounds. Overall, the authors concluded that 
microcapsules produced with different wall materials improved the stability of 
phenolic compounds, presenting a potential for the commercial application of 
plum phenolics as nutraceutical products. 
Natural and synthetic extracts of vanilla rich in polyphenols were 
microencapsulated by spray-drying using whey protein concentrate as a wall 
material (Calva-Estrada et al., 2018). The microcapsules produced from each 
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core material were compared and analysed for their physicochemical 
properties, antioxidant activity, and vanillin retention during storage. No 
significant differences were found in the physicochemical properties studied 
(moisture, water activity, colour, hue angle, solubility, microencapsulation yield, 
bulk density) for either type of microcapsule produced. The microcapsules 
showed higher preservation of vanillin when compared to the non-encapsulated 
extracts during storage for 30 days at 25°C, showing to be a good strategy for 
its stabilization. The authors concluded that with the results obtained it is 
possible to guarantee the maintenance of the antioxidant activity of the vanilla 
extract after microencapsulation, enabling their incorporation into functional 
foods. 
Different living cells have been microencapsulated by spray-drying and 
successfully stabilized, such as Saccharomyces cerevisiae (Arslan et al., 2015), 
Bifidobacterium spp. (Verruck et al., 2017), Lactobacillus casei (Liao et al., 
2017) and Lactobacillus acidophilus (Reyes et al., 2018). The feasibility of 
probiotics as they pass through the gastrointestinal system is an important step 
in the food field. Except for the last study, the main objective of probiotic 
microencapsulation was to evaluate the effect of different wall materials on the 
survival of probiotics during the in vitro simulation of gastrointestinal conditions. 
It was observed that the microencapsulation of probiotics improves the 
efficiency of bacterial survival, with the choice of the type of wall material being 
a decisive factor. Maltodextrin, arabic gum, whey protein concentrate, and 
gelatin were used as wall materials for S. cerevisiae by Arslan et al. (2015). 
Inulin and oligofructose were used to encapsulate goat’s milk Bifidobacterium. 
Trehalose and maltodextrin were used by Liao et al. (2017) for skim milk L. 
casei. The authors of each study recommended, respectively, the use of gelatin 
or arabic gum, goat's milk itself or goat's milk/inulin, and skim milk itself as 
carriers of probiotic bacteria, providing a survival rate above 85% in the 
gastrointestinal tract.  
Moreover, Reyes et al. (2018) investigated the viability of 
microencapsulated L. acidophilus after microencapsulation process and during 
storage at 4 and 23 °C, under 10 and 97% vacuum. The wall materials used 
were maltodextrin, arabic gum and maize starch. The viability of probiotic 
bacteria after microencapsulation reduced by on average 15% for all wall 
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materials containing a count of approximately 8 log CFU/g. During the 60 days 
of storage, the combination of the temperature of 4 °C and 97% vacuum was 
showen to be more suitable to guarantee the minimum of 6 log CFU/g within the 
microcapsules, which meets the recommended levels to have therapeutic 
effects in the human host. 
 
2.6. Incorporation of microcapsules in food matrices 
 
Quite a lot of studies have already been carried out on the 
microencapsulation of bioactive compounds and probiotics. However, there are 
few studies reported in the literature regarding how loaded microcapsules 
behave in terms of stability when incorporated in real food matrices (D. R. Dias 
et al., 2017). An important factor regarding this incorporation is that food 
products should not be adversely affected, namely their sensory properties 
altered by the addition of microencapsulated bioactive ingredients (Morales & 
Ruiz, 2016). Therefore, the incorporation of bioactive compounds into a food 
matrix presents a challenge for the food industry. Nevertheless, some good 
examples may be highlighted (Table 2.1).  
Ursache et al. (2018) microencapsulated carotenoids from sea buckthorn 
extract by coacervation using whey protein isolate and arabic gum as wall 
materials. The encapsulated powders obtained were incorporated into muffins 
in order to evaluate the influence of the food matrix on the stability of the 
bioactive compounds. The amount of total carotenoids, antioxidant activity, 
physicochemical characteristics, sensory analysis, and stability of the bioactive 
materials during storage of the food matrix were tested. The stability analysis of 
the encapsulated carotenoids incorporated into the muffins during storage at 
25°C for 21 days showed a loss of carotenoid content of approximately 55%. 
However, no significant changes in the color of the muffins were observed. The 
sensory analysis showed that the muffins containing microcapsules were 
preferred by the panellists, and neither aroma nor flavour of the sea buckthorn 
berries was detected.  
Carotenoid-rich gac oil was microencapsulated in a mixture of whey protein 
concentrate and arabic gum (7:3) by spray drying (Kha et al., 2015). The 
microencapsulated gac oil obtained was incorporated into a viscous food 
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(yoghurt), a low viscosity liquid food (pasteurized milk), and a dry food (cake 
mix) with the purpose of fortifying the food matrix. The authors analyzed these 
fortified products for colour, peroxide value, and the amount of carotenoids 
present during four weeks of storage for yoghurt and pasteurized milk, and 
during four months for cake mixing. Overall, they concluded that encapsulated 
gac oil can be successfully incorporated into these food products, exhibiting a 
slight colour change and high levels of carotenoids during storage. However, 
further research is needed to study the release and bioavailability of carotenoids 
reached in the bloodstream after ingestion.  
Green tea extract rich in polyphenols was microencapsulated in 
maltodextrin by spray-drying and freeze-drying and then added to bread 
(Pasrija et al., 2015). This study evaluated the impact of microcapsules on 
bread quality and polyphenol content after baking. The amount of polyphenols 
present in the baked bread was 33% lower than in the dough before baking. In 
terms of bread quality, no significant differences were observed in the colour or 
flavour of the breads or in the volume and crumb firmness between the samples 
incorporated with particles produced by spray-drying and freeze-drying. 
According to the authors, the fortification of bread with polyphenols of green tea 
maintains bread quality and most of the functionality of the bioactive 
compounds, suggesting that such fortification could be efficient to increase 
polyphenol intake. 
Oancea et al. (2018) studied the effect of microencapsulated anthocyanins 
incorporated into fermented milk to act as a prebiotic for L. casei. 
Microencapsulation of anthocyanins from an extract of sour cherry skin was 
performed by coacervation followed by freeze-drying using whey protein isolate 
and arabic gum as wall materials. The microencapsulated bioactive compounds 
exerted the prebiotic function and favoured the growth of the L.casei probiotic 
during storage for 21 days. The number of viable cells in fortified samples 
remained in the 1010 CFU.g−1 range. 
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2.7. Release of encapsulated bioactives from microcapsules 
 
One of the major challenges for the food industry is the development of 
effective systems for the controlled release of encapsulated bioactive 
compounds, which is dependent on the  wall and core material types, 
microencapsulation method, particle morphology and size, and release 
conditions (e.g., solvent, pH, temperature) (Dima et al., 2016).  
The phenolic compounds from grape marc extract were microencapsulated 
by spray-drying technology using maltodextrin, whey protein isolate, and pea 
protein isolate as wall materials (Moreno et al., 2018). The influence of the type 
of wall material on the release of total phenolic compounds and anthocyanins 
from the microparticles was evaluated under simulated gastrointestinal 
conditions over a period of 3 h. The release profile was similar for both 
simulated digestive fluids (gastric and intestinal). Protein-containing particles, 
especially with whey protein isolate, showed a slower release rate than other 
studied wall materials (maltodextrin and pea protein isolate). The authors report 
that the slower release of the phenolic compounds may be due to the smoother 
surface of the microparticles imparting a smaller contact area with the medium.  
Medina-Torres et al. (2016) evaluated the release of bioactive compounds 
from microcapsules of maltodextrin loaded with laurel infusions produced by 
spray-drying. Three different drying inlet temperatures (140, 160, and 180°C) 
and two feed rates to the dryer (8 and 10 mL.min-1) were used to produce the 
microcapsules. Both the feed rate and the drying temperature influenced the 
release of the core material in water (T = 37 ºC, pH around 6). Microcapsules 
dried at 160°C with a feed rate of 8 mL.min-1 had greater and more prolonged 
release of the core material. Approximately 70% of the bioactive compounds 
were released within 48 hours, which according to the authors suggests a good 
absorption of the polyphenols in the small intestine. 
The release rate of microencapsulated lime essential oil by spray-drying 
using mixtures of whey protein concentrate with different maltodextrin 
equivalent dextrose (5, 10, and 20 DE) was evaluated by Campelo et al. (2018). 
The release of the essential oil was studied in mineral oil at 25 and 45°C. The 
percentage of the encapsulated core material that was released was less than 
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75% in both conditions. However, a greater essential oil release was observed 
with the increase of the degree of dextrose equivalent  
Dima et al. (2016) studied the release mechanism of microencapsulated 
coriander essential oil by spray-drying. Alginate, chitosan, chitosan/alginate, 
and chitosan/inulin were used as wall materials. In this study, in vitro release of 
essential-oil-loaded microparticles simulating pH and temperature (37°C) 
conditions of the gastrointestinal tract and food product processing (65°C) was 
evaluated. The results showed that the release of the essential oil from the 
particles was influenced by pH and temperature. For example, in an acidic fluid 
(pH 2.5) at 37°C, there was a higher release rate from the chitosan particles. 
They showed a rapid release rate in the first 60 min, releasing almost 60% of 
the essential oil that was encapsulated. Thereafter, the release slowed to a 
peak of 74.5% after 120 min. In contrast the alginate particles presented a lower 
release under the same conditions, almost 29% after 120 min. This difference in 
the release of the essential oil from the microparticles was justified by the low 
degree of swelling of the alginate microparticles and their rigid polymeric chains, 
which hindered the release by diffusion. In terms of temperature, as the 
temperature increased to 65°C, the rate of release of the essential oil also 
increased for both pH values.  
The release profile of microparticles loaded with carotenoid-rich palm oil 
incorporated into food matrices was evaluated by Rutz et al. (2017). The 
microparticles were produced by a complex coacervation method using 
chitosan and xanthan gum as wall materials, and were then incorporated into 
yoghurt and bread. Food samples with microencapsulated bioactive compounds 
were placed under conditions simulating the gastrointestinal tract. For the 
bread, 38.9% of the carotenoids were released, while for the yoghurt 50.1% 
were released. Additionally, according to the results obtained in the study, 
before incorporation into food, the bioactive materials from the microparticles 
had greater release during the simulation of the gastrointestinal tract, with 
greater degradation. The authors inferred that the interaction of food matrices 
with microcapsules may protect the encapsulated bioactives, suggesting that 
the loaded microcapsules produced have great potential to be incorporated into 
foods, mainly yoghurt. 
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2.8. Conclusions and future perspectives 
 
An overview of the latest studies regarding the application of microcapsules 
in the stabilization of functional compounds for food applications is presented. 
There has been growing interest in the development of microcapsules loaded 
with probiotic bacteria, phenolic compounds, and carotenoids from natural 
sources. The main objectives of this strategy are to improve the stability of 
bioactive compounds against adverse environmental conditions, their 
incorporation into food matrices conferring functional properties to food 
products, and to enable their controlled release at a specific target of the 
gastrointestinal tract after food ingestion. The most widely used encapsulating 
processes are spray-drying followed by complex coacervation. A fine-tuned 
optimization of process conditions is required, including the selection of the wall 
material for a specific core material, to produce loaded microcapsules with 
suitable characteristics for a specific end application.  
Although several functional compounds have already been successfully 
stabilized by microencapsulation, there is still a lack of knowledge regarding 
how loaded microcapsules behave in terms of release rate when added to 
complex food matrices. Additionally, further studies are needed to access the 
effective bioavailability of released functional compounds after ingestion, which 
is correlated to the health benefits claimed for most of those compounds. 
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Chapter 3. Microencapsulation of β-Carotene by 
Spray Drying: Effect of wall material concentration and drying 
inlet temperature 
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Abstract 
 
Carotenoids are a class of natural pigments found mainly in fruits and 
vegetables. Among them, β-carotene is regarded the most potent precursor of 
vitamin A. However, it is susceptible to oxidation upon exposure to oxygen, light 
and heat, which can result in loss of colour, antioxidant activity and vitamin 
activity. Thus, the objective of this work was to study the microencapsulation 
process of β-carotene by spray drying, using arabic gum as wall material, to 
protect it against adverse environmental conditions. This was carried out using 
the response surface methodology coupled to a central composite rotatable 
design, evaluating simultaneously the effect of drying air inlet temperature (110-
200 °C) and the wall material concentration (5-35%) on the drying yield, 
encapsulation efficiency, loading capacity and antioxidant activity. In addition, 
morphology and particles size distribution were evaluated. Scanning electron 
microscopy images have shown that the particles were microcapsules with a 
smooth surface when produced at the higher drying temperatures tested, 
having most of them a diameter lower than 10 µm. The conditions that enabled 
to obtain simultaneously arabic gum microparticles with higher β-carotene 
content, higher encapsulation efficiency and higher drying yield were a wall 
material concentration of 11.9% and a drying inlet temperature of 173 ºC. The 
systematic approach used for the study of β-carotene microencapsulation 
process by spray drying using arabic gum may be easily applied for other core 
and wall materials.  
 
Keywords: β-carotene, bioactive compound, arabic gum, microencapsulation, 
spray drying, morphology, antioxidant activity 
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3.1. Introduction 
 
Carotenoids, which are synthesized by fruits and vegetables, are a family 
of hydrophobic pigmented compounds that structurally exist as hydrocarbons 
(carotenes) or their oxygenated derivatives (xanthophylls). They are natural 
compounds responsible for yellow, orange and red colours in many foods 
(Fiedor & Burda, 2014; Rao & Rao, 2007; Rodríduez‐Huezo et al., 2004). More 
than 700 different carotenoids have been isolated and identified from natural 
sources, of which about 50 become constituents of a typical human diet. 
Approximately 20 are present in human blood and tissues, such as β-carotene, 
α-carotene, lycopene, lutein, zeaxanthin, β-cryptoxanthin, α-cryptoxanthin, γ-
carotene, neurosporene and ζ-carotene (Arimboor et al., 2015; Fiedor & Burda, 
2014; Walter & Strack, 2011). 
These carotenoids have been recognised as potent antioxidants in 
humans that may play a role in preventing many diseases such as cancer, heart 
disease, Alzheimer’s disease, Parkinson’s disease, hypertension and diabetes 
(Aissa et al., 2012; Kaczor, Baranska, & Czamara, 2016). In addition to that, 
other already well-known function of carotenoids (like β-carotene, α-carotene 
and cryptoxanthin) in humans is as pro-vitamin A activity. Vitamin A is an 
essential nutrient for functions such as embryonic development, cell 
differentiation, vision, immunity and reproduction (Al Tanoury, Piskunov, & 
Rochette-Egly, 2013; Donhowe et al., 2014). 
Among the pro-vitamin A carotenoids, β-carotene is regarded the most 
potent precursor. In addition, it also has antioxidant action by scavenging 
oxygen radicals and reducing oxidative stress in the body. β-carotene is an 
orange carotenoid that is abundant in apricots, asparagus, carrots, spinach, 
broccoli, papaya, grapefruits, sweet potatoes, pumpkin and paprika (Gul et al., 
2015; Kim et al., 2014; Qian et al., 2012; Spada et al., 2012). However, due to 
their highly conjugated structure, carotenoids are rather unstable to thermal and 
chemical oxidation and can be easily degraded when exposed to light, oxygen 
and heat during food processing and storage (Liang et al., 2013; Zakynthinos & 
Varzakas, 2016). 
The stability of natural bioactive compounds, i.e. the preservation of their 
expected functional properties, could be improved using encapsulation 
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techniques, such as spray drying, spray cooling, coacervation, extrusion, 
coating in fluidized bed, polymerization, among others (Saénz et al., 2009). 
Microencapsulation is described as a technique to entrap tiny particles of solids 
or droplets of liquids or gases in a biopolymer to result in small spheres which 
are called microcapsules or microparticles with diameters ranging from 1 to 
1000 µm. This technique could simplify the manufacture, handling and storage 
of food, reducing production costs. In addition, the microencapsulated 
bioactives are protected against environmental conditions, thereby improving its 
stability (Akhavan Mahdavi et al., 2016; Jyothi et al., 2010; Saénz et al., 2009).  
In the food industry, spray drying is one of the oldest and most popular 
drying technologies used for microencapsulation of carotenoids due to its low 
cost, flexibility, production of good quality powder particles, rapid solubility of the 
capsules and continuous operation (S. M. Jafari et al., 2008; Liang et al., 2013). 
The structures formed in the encapsulation process are composed by two 
components, the core (bioactive compounds) and the protective matrix material. 
Core materials are dispersed in a polymer solution (wall material) and 
subsequently atomized into a hot chamber, which promotes the rapid removal 
of the water (Costa et al., 2015; Jyothi et al., 2010). The properties of the 
powdered particles (like particle size and distribution, moisture content and 
thermal stability) may be affected by the type of wall material used and by the 
spray drying operating conditions such as the inlet and outlet temperatures, 
feed flow rate, inlet air flow rate, atomization speed or pressure, among others 
(Kha et al., 2014).  
Several wall materials are commonly used, such as carbohydrates 
(modified starches, maltodextrin, pectins, sucrose, cellulose, Arabic gum, agar, 
carrageenan), proteins (gelatin, casein, milk or soy protein), lipids (stearic acid, 
mono and diglycerides) and their mixtures (Costa et al., 2015; Janiszewska-
Turak, 2017). From these polymers, arabic gum is one of the most common wall 
materials used in microencapsulation, due to its excellent emulsification 
properties. It is a complex polysaccharide obtained from the branches of acacia 
trees, which is composed of approximately 2% protein and high proportion of 
carbohydrates (D-galactose, L-rhamnose, L-arabinose and D-glucuronic acid) 
(Gonçalves, Estevinho, & Rocha, 2017; Kha et al., 2014; Ordoñez & Herrera, 
2014). It is envisaged that carotenoids interact with the hydrophobic region of 
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the Arabic gum sample (hydrophobic proteins) via hydrophobic-hydrophobic 
interactions. In addition, Arabic gum promotes low viscosity in aqueous media, 
no color or smell, subtle taste, high oxidative stability and good retention of 
volatiles (S.-M. Jafari, Mahdavi-Khazaei, & Hemmati-Kakhki, 2016).  
Several studies regarding the carotenoids encapsulation process by 
spray drying have already been reported in the literature (Goula & 
Adamopoulos, 2012; Loksuwan, 2007; Rascón et al., 2011; Rocha, Fávaro-
Trindade, & Grosso, 2012; Santana et al., 2013; Shen & Quek, 2014; Troya, 
Tupuna-Yerovi, & Ruales, 2018). Though, there is a lack of a systematic study 
concerning the simultaneous effect of process parameters in the drying 
operation performance and on the properties of the particles obtained. As such, 
the aim of this work was to go further and study the encapsulation process of a 
model carotenoid molecule (β-carotene) by spray drying, using arabic gum as 
wall material, intending to evaluate simultaneously the effect of drying inlet 
temperature and the wall material concentration using the response surface 
methodology coupled with a central composite rotatable design. The response 
variables were the drying yield, encapsulation efficiency, particles loading, 
morphology and size, as well as the antioxidant activity of the encapsulated β-
carotene molecules. 
 
3.2. Material and Methods 
 
3.2.1. Materials 
 
β-carotene was supplied from Sigma–Aldrich (Steinheim, Germany). 
Arabic gum (LabChem) was used to form the protective matrix. 2,2'- Azinobis 
(3-ethylbenzothiazoline-6-sulphonic acid) diammonium salt (ABTS) was 
purchased from Sigma–Aldrich (Steinheim, Germany). 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox) was obtained from Acrós 
Organics (Geel, Belgium). Potassium persulfate (K2S2O8) and ethanol were 
purchased from Panreac AppliChem. 
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3.2.2.  Spray drying process 
 
Arabic gum was dissolved in distilled water under stirring overnight at 
room temperature at the concentration values indicated in Table 3.1. After full 
hydration of the polymer molecules, β-carotene (5%, dry basis) was added into 
polymer solution and the emulsion was produced by stirring with an Ultra-Turrax 
T25 (IKA, Germany) at 13500 rpm for 1 min at ambient temperature. A volume 
of 25 mL of emulsion was prepared for each experimental condition.  
The resultant emulsions were fed at a rate of 3.7 mL.min-1 to a co-current 
spray dryer (Lab-Plant SD-05, Huddersfield, England) equipped with a 0.5 mm 
diameter nozzle, a drying chamber (500 mm height and 215 mm diameter) and 
with a cyclone (300 mm height and a bottom diameter of 90 mm). The drying air 
flow rate was set at 47 m3/h. The feed solution was kept under magnetic 
stirring. The pressure of the compressed air set at 1.7 bar and had a maximum 
flow rate of 73 m3/h. The inlet temperature ranged between 110 and 200 °C. 
Encapsulation of β-carotene with arabic gum (5–35%) was performed according 
to an experimental design (Table 3.1). The ranges of Arabic gum and inlet 
temperature were chosen according to preliminary results. The dried powders 
obtained were collected and stored under vacuum and protected from light.  
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Table 3.1. Experimental design with coded and decoded values of independent 
variables and spray drying responses 
Run 
Independent variables Responses variables 
Arabic 
gum (%) 
T  LC EE  AA DY 
1 9.4 (-1) 123.2 (-1) 21.9 9.9 0.53 22.5 
2 9.4 (-1) 186.8 (+1) 27.3 14.7 0.11 26.9 
3 30.6 (+1) 123.2 (-1) 24.4 8.0 0.78 16.3 
4 30.6 (+1) 186.8 (+1) 29.4 9.2 0.24 15.9 
5 20 (0) 155 (0) 15.9 13.9 0.22 43.9 
6 20 (0) 155 (0) 14.0 12.5 0.27 40.2 
7 20 (0) 155 (0) 16.7 13.8 0.17 41.3 
8 5 (-α) 155 (0) 33.6 16.0 0.05 23.8 
9 35 (+α) 155 (0) 26.4 12.2 0.30 23.2 
10 20 (0) 110 (-α) 11.9 6.2 0.36 28.6 
11 20 (0) 200(+α) 21.4 14.8 0.12 34.3 
T: Temperature (ºC); LC: Loading capacity (mg β-carotene.g-1particles); EE: 
Encapsulation efficiency (%); AA: Antioxidant activity (µmol trolox.mg-1β-
carotene), DY: Drying yield (%). 
 
3.2.3.  Experimental design 
 
Response Surface Methodology (RSM) coupled with a central composite 
rotatable design (CCRD) was used to evaluate the effects of arabic gum 
concentration (5-35%) and drying inlet temperature (110-200 °C) on the 
response variables: drying yield (DY), encapsulation efficiency (EE), 
morphology of microparticles, antioxidant activity of the encapsulated β-
carotene (AA) and microparticles β-carotene content (LC). A total of 11 
experiments were carried out (Table 3.1): 4 factorial design points (± 1); 4 star 
points (±1.414); and 3 central points (0). The repetition of the central point is 
used to determine the experimental error, which is assumed to be constant 
along the experimental domain. The experiments were performed randomly in 
order to avoid systematic errors. 
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The responses data was fitted to second order polynomial models, using 
decoded variables, as follows: 
 
         (1) 
 
where Yi corresponds to the response variables; X1 and X2 represent the coded 
independent variables (Arabic gum concentration and drying inlet temperature, 
respectively); b0 is the interception; bi, bj, bij (i,j = 1,2) are the linear, quadratic 
and interaction coefficients, respectively. The adequacy of the model to the 
experimental data was verified by applying the analysis of variance (ANOVA) 
and coefficient of determination (R2) and adjusted R2 (R2 adj) (Montgomery, 
2013). The statistical analysis was carried out using the software “StatisticTM” 
version 7 (Statsoft, USA).  
The optimum conditions for the microencapsulation of β-carotene were 
determined considering the results of the response variables that were 
significantly affected by spray drying conditions using the desirability function. 
 
3.2.4. Antioxidant activity before microencapsulation 
 
The total antioxidant activity of samples was performed by radical 
scavenging activity assessment expressed as Trolox Equivalent Antioxidant 
Activity (TEAC) described by do SM Rufino et al. (2007) and Nenadis, Wang, 
Tsimidou, and Zhang (2004) with slight modifications. An ABTS stock solution 
was prepared by dissolving ABTS in water at a 7 mM concentration. ABTS+ 
solution was produced by reaction of 5 mL of ABTS stock solution and 88 µL of 
a 140 mM potassium persulfate (K2S2O8) solution to give a final concentration of 
2.45 mM. This solution was kept in a dark room at room temperature for 12-16 
h. Before analysis, ABTS+ solution was diluted with ethanol to obtain an initial 
absorbance value of 0.70 ±0.05 at 734 nm. 
For the evaluation of the antioxidant activity of β-carotene itself, a volume 
of 30 µL of diluted β-carotene with ethanol was mixed with 3000 µL of ABTS+ 
solution, followed by incubation for 6 min in the dark. Then, the absorbance was 
measured in a spectrophotometer (Unicam, UV/Vis Spectrometer – UV4) at a 
wavelength of 734 nm. A calibration curve was performed using Trolox as 
Microencapsulation of β-Carotene by Spray Drying: Effect of wall material 
concentration and drying inlet temperature 
 
 58  
 
standard antioxidant, at the concentration range of 250-2000 µM in ethanol. All 
analytical measurements were carried out in triplicate. 
 
3.2.5. Spray drying and microparticles’ characterization 
 
3.2.5.1. Drying yield 
 
Drying yield (DY) was determined gravimetrically, as described by Di 
Battista et al., (2015), as the ratio of the mass of microparticles collected at the 
end of the spray drying process and the mass of solids contained in the feed 
solutions. 
 
3.2.5.2.  Morphological characterization of microparticles 
 
The morphology of the particles obtained by spray drying was observed 
by scanning electron microscopy (SEM). The samples were coated with a 
mixture of gold (80%) and palladium (20%) in a vacuum chamber and analysed 
using a Hitachi S2400 scanning microscope operated at 15kV with different 
magnifications (500x to 2000x). Particles size was measured by analysing SEM 
images using the image processing software ImageJ (National Institute of 
Health, USA) (Schneider, Rasband, & Eliceiri, 2012).  
 
3.2.5.3. Loading capacity and encapsulation efficiency  
 
For the determination of the concentration of the β-carotene present in 
the microparticles (LC), the method described by Rocha et al. (2012) was used 
with some modifications. A mass of 10 mg of microparticles was added to 50 ml 
of ethanol. The suspension was homogenized with an Ultra-Turrax T25 (IKA, 
Germany) at 13500 rpm during 3 min, in order to break the particles. After 
mixing, the suspension was placed in amber glass flasks and kept away from 
light for about 12 h at 5 °C. Afterwards, the suspension was centrifuged 
(HERMLE Labortechnik Z 383 K) at 10000 rpm during 10 min at 8 ºC in order to 
recover the supernatant. The concentration of β-carotene in the liquid phase 
(supernatant) was quantified in a spectrophotometer (Unicam, UV/Vis 
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Spectrometer – UV4) at a wavelength of 450 nm. A calibration curve was 
performed with β-carotene diluted in ethanol with different concentrations (0.5-
10 mg.L-1). The loading capacity (LC) of the particles was expressed as the 
mass of β-carotene per mass of particles. 
The encapsulation efficiency (EE) was calculated as by Rocha et al. 
(2012), quantifying the ratio between the mass of β-carotene present in the 
microparticles and the β-carotene’ mass initially present in the feed solution. 
 
3.2.5.4. Antioxidant activity of the encapsulated material  
 
For the measurement of the antioxidant activity (AA) of the encapsulated 
molecules, the microparticles core material were previously extracted with 
ethanol as described in the previous section. Afterwards, a volume of 800 µL of 
supernatant was mixed with 2200 µL of ABTS+ solution, followed by the steps 
described in section 2.4 for pure β-carotene. 
 
3.3. Results and discussion 
 
3.3.1. Microparticle morphology and size distribution 
 
The morphological characteristics of the obtained arabic gum 
microparticles with β-carotene were investigated using SEM. SEM images have 
shown that the particles maintain a similar spherical-like shape with a smooth or 
wrinkled surface depending on the drying conditions (Figure 3.1).  
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Figure 3.1. Scanning Electron Microscopy (SEM) images (magnification x500) 
of arabic gum microparticles with microencapsulated β-carotene. (a) 9.4 %AG, 
123.2 ºC; (b) 9.4 %AG, 186.8 ºC; (c) 30.6 %AG, 123.2 ºC; (d) 30.6 %AG, 186.8 
ºC; (e) 20 %AG, 155 ºC; (f) 5 %AG, 155 ºC; (g) 35 %AG; 155 ºC; (h) 20 %AG, 
110 ºC; (i) 20 %AG, 200 ºC. 
 
Most of the particles did not present a significant incidence of cracks or 
fissures in the outer surface, indicating a resistant external physical structure. 
Microparticles produced without apparent damage have a lower gas 
permeability, presenting a more effective protection of the bioactive compounds 
from oxidation reactions and avoiding their undesired release (Shamaei et al., 
2017).  
Higher drying inlet temperatures tend to produce particles with a 
smoother surface, and with a low degree of teeth and concavities (Figures 3.1a-
b, c-d and h-i). This fact may be attributed to rapid water evaporation and higher 
pressure inside the particles during microencapsulation at higher temperatures 
g h i 
a b 
e f 
c 
d 
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preventing shrinking (Medina-Torres et al., 2016). On the other hand, water 
diffusion is slower at lower temperatures, allowing more time for the particles to 
deform, wrinkle and collapse (Beirão-da-Costa et al., 2013). Similar results were 
reported by Santiago-Adame et al. (2015) for microparticles of cinnamon 
infusions with maltodextrin in which the effect of three different drying 
temperatures (140, 160 and 180 °C) was evaluated. They found microparticles 
morphologically more defined and smoother, without evident cracks or particle 
agglomerations in the spray drying process both at 160 and 180 °C. 
By the contrary, Figures 3.1”a” and “c”; “b” and “d”; “e” and “f” show that 
the different values of arabic gum concentration studied did not influence 
substantially the particles morphology, as mixtures with a similar proportion of 
smooth and collapsed particles were obtained. Gonçalves et al. (2017) and 
Tonon, Brabet, & Hubinger (2008) also found no influence of the wall material 
concentration on the morphology of the particles obtained in the 
microencapsulation of vitamin A with arabic gum and açaí pulp with 
maltodextrin. 
The internal morphology is shown in Figure 3.2. All microparticles 
obtained were shown to be microcapsules, envisaging that the core material (β-
carotene) was entrapped within the wall or in the centre. Central void formation, 
a characteristic of the spray drying process, is related to the expansion of the 
particles during the latter stages of the drying process, when the temperature 
exceeds the boiling point of the water (Botrel et al., 2017; Prince et al., 2014). 
This internal structure of the microparticles was also observed in 
microencapsulated soybean extract microencapsulated by spray drying in 
arabic gum or maltodextrin matrix (Poomkokrak et al., 2015) as well as in 
gelatin/arabic gum microparticles loaded with fish oil (Yu et al., 2017). 
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Figure 3.2. Scanning Electron Microscopy (SEM) images (magnification x2000) 
of the internal surface of arabic gum microparticles with β-carotene 
microencapsulated. (a) 20 %AG, 110 °C; (b) 9.4 %AG, 123.2 °C 
 
Particle size distribution is a physical parameter of the powders which 
may influence their properties involving handling, transport and storage such as 
bulk density, angle of repose, flowability, rehydration capacity, solubility and 
dispersibility (Akhavan Mahdavi et al., 2016; Paim et al., 2016). According 
Onwulata (2005) and Tontul & Topuz (2017) the stability of the functional 
components sensitive to environmental conditions are also affected by the 
particle size.  
The particle size of β-carotene loaded arabic gum microcapsules ranged 
from 1.82 to 40.91 μm. In Figure 3.3 is shown the particle size distribution of the 
microcapsules produced at different temperatures (at 123.2 and 186.8 ºC) and 
with different arabic gum concentrations (5 and 35%). In all cases, more than 
80% of the particles had a size below 10 µm. 
In general, a higher frequency of particles with sizes above 10 µm was 
observed with increasing arabic gum concentration (Fig 3.3a-b). This fact may 
be related to the higher viscosity of the spray drying feed solution. According 
Tontul & Topuz (2017) and Tonon et al. (2008) the liquid droplet size during 
atomization varies directly with the liquid viscosity at constant atomizer speed, 
resulting in larger particles. Similar results were obtained for different powders 
produced by spray drying such as blackberry juice in maltodextrin Ferrari, 
b a 
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Germer, & de Aguirre (2012) and coffee oil in arabic gum (Frascareli et al., 
2012). 
The increase in inlet drying temperature also resulted in a higher 
frequency of particles with sizes above 10 µm (Fig 3.3c-d). This can be related 
to increased swelling, thereby preventing contraction of the particle as the 
drying temperature increases (Ferrari et al., 2012; Islam Shishir et al., 2016). 
These results are in agreement with those obtained by Tonon et al. (2008), who 
evaluated the microencapsulated açaí pulp in maltodextrin by spray drying. 
According to the authors, slower drying rate, ie when the inlet drying 
temperature is low, the particles shrink evenly, making their size smaller. 
However, when the drying rate is higher, the rapid evaporation of the water 
creates a hard crust in the particle that prevents its contraction in the drying 
process, resulting in larger particles. 
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Figure 3.3. Relative frequency (Bars) and cumulative frequency (Line) 
equivalent to the diameter of microparticles. (a) 9.4 %AG, 123.2 °C; (b) 9.4 
%AG, 186.8 °C; (c) 5 %AG, 155 °C; (d) 35 %AG, 155 °C 
 
3.3.2. Response surface analysis  
 
Response surface methodology (RSM) was performed to optimize spray 
drying conditions, considering linear, quadratic and interaction effects between 
independent variables, on the microencapsulation of β-carotene with arabic 
gum. A second-order polynomial model, described by Equation 1, was fitted to 
the experimental data values obtained for each response variable studied, 
which are presented in Table 3.1. The determination coefficients (R2 and RAdj2), 
and the linear and quadratic effects of the factors, as well as their interaction, 
for each response variable are presented in Table 3.2. 
a b 
c d 
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Table 3.2. Second-order polynomial equations for each response variable  
Equation R2 RAdj2 
EE = -48.699* + 0.3036AG - 0.001AG2 + 0.710T* - 0.002T2* 
- 0.003AG.T 
0.87 0.74 
DY = -175.962* + 4.222AG* - 0.097AG2* + 2.245T* - 
0.007T2* - 0.004AG.T 
0.85 0.71 
LC = 56.961 – 2.808AG* + 0.069AG2* - 0.257T + 0.0025T2* 
- 0.0003AG.T 
0.91 0.82 
AG: Arabic gum (%); T: Temperature (°C); EE: Encapsulation efficiency (%); 
DY: Drying yield (%); LC: Loading capacity (mg β-carotene.g-1particles). 
*affecting significantly the response variable (p>0.05) 
 
The results show that, except for the antioxidant activity response, the 
mathematical model used was fitted with a good determination coefficients (R2> 
0.70). According to Lundstedt et al. (1998), values above 0.7 represent a good 
fit of the model. In addition, ANOVA indicated that the lack of fit (p > 0.05) 
relative to pure error was not significant at 95% of confidence level. The 
expected errors of the models on the prediction of the responses were 
estimated to be 7.6%, 7.2% and 12.7% for LC, EE and DY, respectively. 
Figures 3.4A-B and 5 show the 3-dimensional response surfaces that illustrate 
the effects of arabic gum concentration (AG; %) and drying inlet temperature (T; 
°C) on the responses studied. 
 
3.3.2.1. Encapsulation Efficiency and Loading Capacity 
 
The encapsulation efficiency values of β-carotene with arabic gum 
ranged between 6.2 and 16.0% and the loading capacity values ranged from 
11.9 to 33.6 mgβ-carotene.g-1particles, as shown in Table 3.1. Similar results 
were found by Rocha et al. (2012) upon microencapsulation of lycopene in 
modified starch that found an EE around 21% and by Botrel et al. (2012) who 
microencapsulated oregano oil using a mixture of arabic gum, maltodextrin and 
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modified starch as wall material by spray drying found an EE between 5.1 and 
33.9%.  
As seen in Fig 3.4a-b, the increase in drying temperature and decrease 
in arabic gum concentration lead to an increase in the EE. Regarding to LC, 
higher values were observed at both ends of the arabic gum concentration, that 
is, when the lowest (5%) and the highest concentration (35%) of the wall 
material were used. In addition, when the drying temperature increased, the 
loading capacity was also increased. The same behaviour was reported by 
Ferrari et al. (2012) in microparticles of blackberry using maltodextrin as wall 
material. 
 
  
Figure 3.4. Response surface fitted to (a) encapsulation efficiency and (b) 
loading capacity, as a function of arabic gum concentration and drying inlet 
temperature 
 
According to S. M. Jafari et al. (2008), the encapsulation efficiency is 
influenced by the drying conditions, emulsion and bioactive compound 
characteristics and the wall material properties. Low encapsulation efficiency 
value could be due to β-carotene being extremely sensitive to environmental 
factors such as exposure to heat, light and oxygen during encapsulation 
processing. 
The experimental data obtained of the encapsulation efficiency and 
loading capacity of the particles were adjusted to the second order polynomial 
model with a satisfactory coefficient of determination (Table 3.2). Both 
a b 
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independent variables had a significant effect on these responses. Arabic gum 
concentration had a positive quadratic effect on the loading capacity of the 
microparticles whereas for the encapsulation efficiency, arabic gum 
concentration showed a linear negative effect. In relation to the drying inlet 
temperature, a positive linear and quadratic negative effect on the 
encapsulation efficiency and a positive linear effect on the loading capacity 
were observed. However, the interaction coefficient was found to be non-
significant, indicating that there was no interaction between the independent 
variables on the EE of particles. 
The drying temperature is directly proportional to the evaporation rate 
and inversely proportional to the final water content of the dried microparticles. 
At high drying temperatures, there is a higher evaporation rate of water on the 
droplet surface which leads to the rapid formation of a semipermeable 
membrane, resulting in the protection of the release of the bioactive compounds 
during the drying process and, consequently, in a higher bioactive retention. 
However, higher drying temperatures could cause cracks and fissures on the 
surface of the particles leading to loss of the bioactive compound (S. M. Jafari 
et al., 2008; Kha et al., 2014).  
Wall material concentration is also a factor that affects the retention of 
the bioactive compounds due to their viscosity properties in the feed solution. 
Some researchers have reported that the wall material concentration has a 
positive effect on the encapsulation efficiency, ie the increase of solids content 
in the feed, increases bioactive retention (Kha et al., 2014; Mohammed et al., 
2017; Muraly et al., 2016). This behavior could be related to the reduction of the 
time required to form a surface crust in the atomized droplets in the initial drying 
process, when the solids concentration in the feed solution increases. This 
rapidly formed crust is not permeable to compounds, thereby protecting the 
bioactive from oxidation (Fernandes et al., 2014; Tonon et al., 2012).  
However, too high viscosity of the feed solutions delays the formation of 
discrete particles during spray drying, whereas a low viscosity infeed delays the 
formation of a semipermeable surface crust, favouring further losses of the 
bioactive compounds (Huynh et al., 2008). Therefore, according to Reineccius 
(2004), each wall material has its ideal feed concentration to obtain higher 
encapsulation efficiency, which is based on the solubility and viscosity of the 
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feed solution. In this work, an ideal arabic gum concentration of 7.4% was found 
for higher values of encapsulation efficiency and loading capacity. Fernandes et 
al. (2014), who evaluated the effect of total solids concentration on the 
microencapsulation of rosemary essential oil by spray drying using maltodextrin 
and modified starch (1:1) as wall materials, found higher encapsulation 
efficiency when a concentration of the wall material of 22% was used, which 
was reported as the ideal concentration for maltodextrin as wall material. 
 
3.3.2.2. Drying yield 
 
Drying yield of the spray drying process is directly related to the cost of 
production and efficiency, thus it is an important indicator that the industry 
considers in its production line (Muzaffar & Kumar, 2015; Tontul & Topuz, 
2017). According to Nunes and Mercadante (2007) and Rutz et al., (2016), 
drying yield is influenced by both the equipment settings (feed rate, feed, inlet 
and outlet temperature, flow rate) and drying conditions (type and wall material 
concentration) 
In this study, a second order model was fitted to the experimental data of 
the drying yield with acceptable coefficient of determination, and Table 3.2 
shows that both independent variables, arabic gum concentration and the 
drying inlet temperature, had a significant negative quadratic effect on the 
drying yield. According to Table 3.1, the drying yields of β-carotene with arabic 
gum ranged between 15.9 and 43.9%. Others researchers have found values of 
drying yield around 50%. Roccia et al., (2014), who studied the 
microencapsulation of the sunflower oil by spray drying using maltodextrin as an 
carrier agent, found drying yield values that ranged from 5.44 to 39.88% and 
Santana et al. (2013), produced arabic gum microparticles with pulp pequi 
extract by spray drying and obtained a drying yield values between 25.8 and 
56.1%. 
Low drying yield in the spray drying process is mostly due to retention of 
the powder in the drying chamber wall, cyclone inefficient in collecting fine 
particles and the high viscosity of the feed solution. This powder retention 
problem causes considerable economic loss and it is not cost-effective for 
industry as there would be frequent interruptions to the dryer cleaning, besides 
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affecting the quality of the final product. However, drying yield in the 
microencapsulation technique could be improved by modifying the spray drying 
conditions in order to decrease the adhesion of particles to the drying chamber 
wall. (Karaca, Guzel, & Ak, 2016; Roccia et al., 2014; Santana et al., 2018). 
According to Tontul & Topuz (2017) and Jayasundera et al., (2011), the 
mechanical scraping of the drying chamber wall, introduction of cold air from the 
bottom and the use of low temperature low humidity air are some examples of 
process-based approaches that could increase drying yield. 
As shown in Figure 3.5, as the drying temperature and the arabic gum 
concentration increased, the drying yield also increased until a maximum value 
was achieved. After this value, decreases in the drying yield were observed 
even with the increase of both independent variables. The highest drying yield 
value was found for the sample with 20% GA dried at 155 °C.  
 
 
 
Figure 3.5. Response surface fitted to drying yield as a function of arabic gum 
concentration and drying inlet temperature 
 
Chong & Wong (2015) also found an optimum dosage of the wall 
material concentration (30% maltodextrin) and temperature value (180 °C) that 
maximized the drying yield (57%), when producing sapodilla puree particles by 
spray drying using different maltodextrin concentrations (10-50% w/v). The 
authors referred that increasing the wall material concentration above the 
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optimum value leads to an increase viscosity of the feed solution, thereby 
negatively affecting the drying yield. 
 
3.3.2.3. Antioxidant activity 
 
The AA values of encapsulated β-carotene range from 0.05 to 0.78 µmol 
trolox.mg-1β-carotene, whereas the commercial β-carotene before 
encapsulation, possessed 2.35 µmol trolox.mg-1β-carotene. The lower 
antioxidant activity after the encapsulation may be related not only to the 
encapsulation process itself, but also to the incomplete extraction of the 
encapsulated molecules before antioxidant activity measurement. This 
decrease in antioxidant activity after the spray drying process was also 
observed for example by Franceschinis et al., (2014) in the microencapsulation 
of blackberry juices with maltodextrin and Hee et al. (2015) in virgin coconut oil 
microparticles in a mixture of maltodextrin, arabic gum, sodium caseinate and 
whey protein concentrate. 
The data obtained for the antioxidant activity did not fit the second order 
polynomial model. Though, from the results of Table 3.1, the two independent 
variables studied, arabic gum concentration and drying inlet temperature, 
affected antioxidant activity of the encapsulated molecules, since an AA 
increase was observed when the temperature decreased (runs 4-3; 2-1 and 11-
10) and when the arabic gum concentration increased (runs 1-3; 2-4; 8-9).  
Other researchers have also studied the influence of drying inlet 
temperature and wall material on AA of the particles. Kha, Nguyen, & Roach 
(2010) studied the effects of varying maltodextrin concentrations and spray 
drying temperatures on the antioxidant activity of Gac fruit powder and they 
reported that increasing the drying inlet temperature from 120 to 200 °C showed 
a significant loss of AA. Additionally, with increasing maltodextrin concentration 
from 20 to 30%, the loss of AA was also observed. The authors explained that 
AA loss could be due to loss of antioxidant compounds present in Gac powder 
spray dried at high temperatures. (Miravet et al., 2016) who evaluated the 
antioxidant activity of pomegranate juice powder produced by spray drying 
using prebiotic fibers and maltodextrin as wall material also observed that the 
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increase of the drying inlet temperature from 160 to 200 ºC had a significant 
negative effect on the antioxidant activity for both wall materials studied.  
 
3.3.3. Optimization of drying process conditions 
 
The desirability function was performed for the simultaneous optimization 
of the responses that fitted to the second order model (Table 3.2) and the 
desirability surface for optimal conditions is depicted in Figure 3.6. Desirability 
values higher than 0.7 were considered, indicating a good optimization of the 
experimental data of each response variable (Tumwesigye et al., 2016). The 
best conditions for the spray drying microencapsulation of β-carotene with 
arabic gum as wall material were determined in order to obtain higher values for 
drying yield, encapsulation efficiency and loading capacity. 
 
 
Figure 3.6. Desirability surface for optimal conditions 
 
The inlet drying temperature of 173 °C and arabic gum concentration of 
11.9% are recommended as the ideal conditions for microencapsulation of β-
carotene. Under these conditions, the predicted EE, DY and LC are 15.62%, 
36.30% and 22.74 mg β-carotene.g-1particles, respectively. 
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3.4. Conclusions 
 
The microencapsulation of β-carotene in arabic gum by spray drying was 
investigated. The arabic gum concentration and drying inlet temperature 
influenced the drying yield, encapsulation efficiency and load capacity 
responses. Regarding the AA, the antioxidant activity of β-carotene was 
reduced when microencapsulated at high temperatures (200 °C) in relation to 
low temperatures (110 °C).  
SEM analysis showed that the microparticles are microcapsules. Most of 
them presented a similar morphology, a mixture of smooth and wrinkled 
particles, with a diameter lower than 10 µm. Increases in drying temperature 
favoured the formation of smoother and larger particles.  
From the experimental conditions, the drying inlet temperature of 173°C 
and the arabic gum concentration of 11.9% were those that allow to obtain 
higher β-carotene content, higher encapsulation efficiency and higher drying 
yield. 
The systematic approach used for the study of β-carotene 
microencapsulation process by spray drying may be easily applied for other 
core and wall materials. Further studies will be focused on release studies in 
several aqueous media, and eventually on the encapsulation of natural 
carotenoid extracts. 
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Abstract 
 
Microencapsulation by spray-drying is a process used in the stabilization of 
active compounds from various natural sources, such as tomato by-products, 
with the purpose to be used as additives in the food industry. The aim of this 
work was to study the effects of wall material and spray drying conditions on 
physicochemical properties of microcapsules loaded with lycopene rich extract 
from tomato pomace. The assays were carried out with ethanolic tomato 
pomace extract as core material and arabic gum or inulin as wall materials. A 
central composite rotatable design was used to evaluate the effect of drying air 
inlet temperature (110-200 °C) and concentration of arabic gum (5-35 wt%) or 
inulin (5-25 wt%) on the antioxidant activity, encapsulation efficiency, loading 
capacity and drying yield. SEM images showed that the produced particles 
were in the category of skin-forming structures. The most suitable conditions, 
within the ranges studied, to obtain lycopene loaded microparticles were a 
biopolymer concentration of 10%wt for both materials and an inlet temperature 
of 200 and 160 °C for arabic gum and inulin, respectively. Arabic gum and 
inulin possessed a good performance in the encapsulation of tomato pomace 
extract by spray drying. It is envisaged that the capsules produced have good 
potential to be incorporated in foods systems with diverse chemical and 
physical properties. 
Keywords: microencapsulation, lycopene rich extract; arabic gum; inulin; 
spray drying; antioxidant activity 
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4.1. Introduction 
 
Food industries generate a large quantity of solid by-products that turn into 
food wastes. As such, they are struggling to reduce organic wastes due to 
problems, such as accumulation, handling, and disposal costs. By-products 
obtained may well be suitable for noble purposes, since they are rich in bioactive 
compounds (Torbica et al., 2016; Viuda-Martos et al., 2014). Many researchers 
have investigated the potential use of agroindustrial by-products for their inclusion 
in the human diet, which could correctly solve the problem of waste associated 
with food processing and reduce industrial costs (Belović et al., 2016; García 
Herrera, Sánchez-Mata, & Cámara, 2010).  
The tomato is one of the most produced vegetables worldwide. The 
European Union produced approximately 17.6 million tonnes of tomatoes in 
2015, of which around 10% came from Portugal (1.4 million tonnes). Although the 
tomato is commonly consumed fresh, around 90% of the tomato consumption in 
Portugal corresponds to processed products, such as tomato juice, paste, puree, 
ketchup, and sauce (Eurostat, 2016). In the case of the tomato processing 
industry, about 5% of the total raw material is discarded as tomato pomace. It is 
composed of 44% of seeds and 56% of pulp and skin and is generally used for 
animal feeding (Viuda-Martos et al., 2014). Tomato pomace is a rich source of 
nutrients and bioactive compounds like carotenoids, sugars, and fibers (García 
Herrera et al., 2010).  
Natural bioactive compounds, such as carotenoids and polyphenols, are 
molecules that provide health benefits due to their biological activities, like 
antioxidant, antihypertensive, anti-proliferative, and anti-inflammatory capacities 
(Shaaban, El-Ghorab, & Shibamoto, 2012). Carotenoids as lycopene are 
antioxidants naturally present in some food products and may be recovered as 
concentrated extracts from agroindustrial by-products, like tomato pomace. They 
are referred to be effective against cancer and cardiovascular diseases (Rao & 
Rao, 2007). Due to the high sensitivity of those compounds to environmental 
conditions (heat, light, pH, oxygen), bioactive compounds must be protected in 
order to preserve their expected benefits. 
Microencapsulation has been described as a good strategy in the food 
industry for various purposes, such as preservation of functional properties, 
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masking undesirable flavours, improved handling and utilization of bioactives, 
development of functional foods, controlled release of the bioactive compounds 
at the desired time and specific target, and increasing bioavailability of bioactive 
compounds (Chang & Nickerson, 2018; Pires & da Silva Pena, 2017). 
Among various encapsulation techniques, spray drying is the most common 
technology applied due to its low cost, flexibility, and production of good quality 
powder particles (Singh, Kaur, & Kumar, 2018). The principle of spray drying is 
the dissolution of the core (compounds to be protected) in the dispersion of a 
chosen matrix (wall material). The dispersion is subsequently atomized into 
heated air, which promotes the rapid removal of the solvent (water) (de Vos et al., 
2010). The quality of the powdered particles may be affected by the type of wall 
material used and by the spray drying operating conditions, such as the inlet and 
outlet temperatures, feed flow rate, and inlet air flow rate (Kha et al., 2014). The 
structures formed in the encapsulation process are composed by the core 
(bioactive compounds) and the protective matrix materials. These materials are 
commonly polysaccharides (e.g., starches and arabic gum), proteins (e.g., gelatin 
and casein), lipids (e.g., stearic acid, and mono- and diglycerides) and their 
mixtures (Murugesan & Orsat, 2011).  
Arabic gum is one of the most common wall materials used in 
microencapsulation, due to its excellent emulsification properties, high solubility, 
low viscosity, and good retention of volatiles (Fernandes, Borges, & Botrel, 2014). 
It is a highly branched edible polymer exuded from acacia trees, composed of 
approximately 2% protein and high proportion of carbohydrates (D-galactose, L-
rhamnose, L-arabinose, and D-glucuronic acid) (Kha et al., 2014). In addition, 
inulin is also an interesting candidate, as beyond protection, it may act also as a 
prebiotic, stimulating the activity of colon beneficial microflora, and can improve 
calcium bioavailability, amongst other benefits (Beirão-da-Costa et al., 2013). 
Inulin is a fructooligosaccharide (FOS), insoluble in water at ambient 
temperature, composed of fructose units with β (21) links with glucose at the 
end of the chain that is present as plant storage carbohydrates in a number of 
vegetables and plants, including wheat, onion, bananas, garlic, and chicory 
(Fernandes et al., 2014; Niness, 1999). Inulin is used for a variety of purposes, 
including as a replacement for fat and sugar, a low caloric sweetener, a 
texturizing agent, an agent to form gels, and an aid to increase the viscosity of 
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solutions. It is also considered a functional food ingredient, since it affects 
physiological and biochemical processes, resulting in risk reduction of many 
diseases (Karimi, Azizi, Ghasemlou, & Vaziri, 2015). 
This work goes beyond state-of-the-art, as it deals with the study of the effect 
of spray drying process parameters on microparticles properties, using a 
systematic approach of optimization via Surface Response Methodology. As 
such, the effect of drying air inlet temperature and concentration of the wall 
material on the drying yield (DY), loading capacity (LC), encapsulation efficiency 
(EE) and antioxidant activity (AA) of encapsulated carotenoids was assessed 
simultaneously. In addition, two wall materials (arabic gum and inulin), with 
distinct physicochemical properties were studied in parallel, in order to obtain 
microparticles with diverse properties for future application in the formulation of a 
range of food products. 
 
4.2. Materials and Methods   
 
4.2.1. Materials 
 
Tomato pomace (Solanum lycopersicum L.) was supplied by HIT Group 
(Marateca, Portugal). Arabic gum (LabChem) and inulin (Alfa Aesar, Germany) 
were used to form the protective matrix.  
2,2'-azinobis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) diammonium 
salt, lycopene and β-carotene were purchased from Sigma–Aldrich (Steinheim, 
Germany). 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) was 
obtained from Acrós Organics (Geel, Belgium). Potassium persulfate (K2S2O8) 
and ethanol were purchased from Panreac AppliChem. Acetonitrile, 
dichloromethane, and ethyl acetate were obtained from Honeywell (Seelze, 
Germany). 
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4.2.2. Tomato pomace extract preparation 
 
Frozen tomato pomace, comprised of skin and seeds, was lyophilized in a 
Lyo Quest freeze dryer at -47 °C and 0.100 mbar for 48h, powdered in a cutting 
mill, and, finally, classified in a system of sieves arranged in columns, in order to 
separate particles with diameter of less than 0.5 mm. The tomato pomace 
powder was stored under a vacuum and protected from light. 
The extraction of bioactive compounds (mostly lycopene and β-carotene) 
was carried out in a Soxhlet apparatus, in which 15 g of tomato pomace powder 
was extracted with 300 ml of ethanol until the solvent became completely 
colourless (around 5h). After extraction, the solvent was evaporated with a rotary 
vacuum evaporator (Rotavapor® R II BUCHI), and the extract obtained was 
transferred to amber glass flasks and stored at -20 °C until analysis.   
 
4.2.3. Preparation of emulsions 
 
Arabic gum was dissolved in distilled water under stirring overnight at room 
temperature, while inulin was dissolved in distilled hot water (70 °C), at the 
concentration values indicated in Table 4.1. After full hydration of the polymer 
molecules, tomato pomace extract (15%, dry basis) was added into each polymer 
solution and emulsions were produced by stirring with an Ultra-Turrax T25 (IKA, 
Saufen, Germany) at 13500 rpm for 1 min at ambient temperature. A volume of 
50 mL of emulsion was prepared for each experimental condition.  
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Table 4.1. Experimental design with coded and decoded values of independent 
variables and spray drying responses for each wall material 
Arabic gum 
 Drying conditions Response variables 
Test 
Arabic 
gum (%) 
T (°C) LC EE  AA DY  
1 9.4 (-1) 123.2 (-1) 1.86 8.5 1.5 44.0 
2 9.4 (-1) 186.8 (+1) 2.10 20.5 2.3 38.6 
3 30.6 (+1) 123.2 (-1) 1.44 8.0 1.9 29.0 
4 30.6 (+1) 186.8 (+1) 1.45 7.3 4.6 26.7 
5 20 (0) 155 (0) 1.79 9.3 1.9 27.2 
6 20 (0) 155 (0) 1.46 8.1 1.8 29.1 
7 20 (0) 155 (0) 1.49 8.4 1.8 27.6 
8 5 (-α) 155 (0) 1.51 12.0 4.5 43.4 
9 35 (+α) 155 (0) 1.15 3.4 0.9 14.7 
10 20 (0) 110 (-α) 1.48 9.8 1.7 34.6 
11 20 (0) 200(+α) 1.74 11.8 4.4 35.7 
Inulin 
Test Inulin (%) T (°C) LC EE AA DY 
1 7.9 (-1) 123.2 (-1) 2.73 19.7 2.5 37.5 
2 7.9 (-1) 186.8 (+1) 1.78 15.2 1.0 45.2 
3 22.1 (+1) 123.2 (-1) 1.16 7.8 1.6 34.9 
4 22.1 (+1) 186.8 (+1) 1.63 14.8 3.4 49.5 
5 15 (0) 155 (0) 2.37 20.2 2.5 48.9 
6 15 (0) 155 (0) 1.93 17.4 2.6 47.3 
7 15 (0) 155 (0) 2.20 19.2 3.0 48.8 
8 5 (-α) 155 (0) 3.08 25.3 3.5 37.7 
9 25 (+α) 155 (0) 2.54 19.3 2.1 39.7 
10 15 (0) 110 (-α) 0.87 6.9 3.2 41.4 
11 15 (0) 200(+α) 1.65 14.4 1.4 45.7 
T: Temperature; LC: Loading capacity, mg lycopene.g-1particles; EE: 
Encapsulation efficiency (%); AA: Antioxidant activity, µmol trolox.mg-1lycopene; 
DY: Drying yield (%). 
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4.2.4. Spray drying process 
 
The resultant emulsions were fed at a rate of 3.7 mL.min-1 to a co-current 
spray dryer (Lab-Plant SD-05, Huddersfield, England) equipped with a 0.5 mm 
diameter nozzle, a drying chamber (500 mm height and 215 mm diameter), and 
with a cyclone (300 mm height and a bottom diameter of 90 mm). The drying air 
flow rate was set at 47 m3/h. The feed solution was kept under magnetic stirring. 
The pressure of the compressed air was set at 1.7 bar and had a maximum flow 
rate of 73 m3/h. The inlet temperature ranged between 110 and 200 °C. 
Encapsulation of tomato pomace extract with arabic gum (5–35%) or inulin (5–
25%) was performed, according to an experimental design (Table 4.1). Different 
wall material concentrations were used because inulin solutions concentrations 
above 25% were highly viscous and could not be processed by spray drying. The 
dried powders obtained were collected and stored under vacuum and protected 
from light. 
 
4.2.5. Experimental design 
 
Response Surface Methodology (RSM) was used to find the best 
experimental conditions. The experiments were carried out following a central 
composite rotatable design, as a function of spray-drying inlet temperature (110-
200°C) and the wall material concentration (arabic gum: 5-35% and inulin: 5-
25%). The desirability function (Yi) was applied to experimental results to 
optimise multiple responses in RSM. A total of 11 experiments were carried out 
(Table 4.1): four factorial design points (± 1), four star points (±1.414), and three 
central points (0). The repetition of the central point was used to determine the 
experimental error, which wass assumed to be constant along the experimental 
domain. The experiments were performed randomly in order to avoid systematic 
errors. 
The experimental data was fitted to 3-dimensional response surfaces as a 
function of drying inlet temperature (X1; °C) and arabic gum or inulin 
concentration (X2; %). These surfaces were described by a second order 
polynomial equation, using decoded variables, as follows:  
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               Yi = b0 + b1X1 + b2X2 + b11X12 + b22X22 + b12X1X2           (1) 
 
where Yi corresponds to the response variables (total AA, EE, DY, and LC); X1 
and X2 represent the coded independent variables; b0 is the interception; and bi, 
bj, and bij (i,j = 1,2) are the linear, quadratic, and interaction coefficients, 
respectively. The adequacy of the model to the experimental data was verified by 
applying the analysis of variance (ANOVA) and the coefficient of determination 
(R2) and adjusted R2 (Radj2) (Montgomery, 2013). The statistical analysis was 
carried out using “StatisticTM” software version 7 (Statsoft, Tulsa, OK, USA). 
 
4.2.6. Analytical methods 
 
In order to assess its antioxidant activity and the concentrations of lycopene 
an β-carotene, the concentrated extract was diluted into a 1:1 
acetonitrile:dichloromethane (ACN:DCM) solution 0.1% (m/v). All analytical 
measurements were carried out in triplicate. 
 
4.2.6.1. Carotenoids content in the tomato pomace extract 
 
The concentration of lycopene and β-carotene in the tomato pomace extract 
was quantified by HPLC, using an UltiMate-3000 HPLC system (Dionex, 
Germering, Germany) equipped with an oven at 30 °C. Carotenoid separation, 
identification, and quantification were performed using a reversed phase C18 5 
µm, 120 Å (4.6 x 150 mm) column by a gradient elution of 
acetonitrile:water:tetraethylammonioum (900:100:1) as solvent A and ethyl 
acetate as solvent B. The elution started with a mixture of 75 % solvent A and 25 
% solvent B. After 10.5 min, solvent A was decreased to 59 % and after 20 min to 
0 %. At 21 min, solvent A returned to the initial condition (75 %), remaining 
constant up to 31 min. The flow rate was 1 mL.min-1, and the running time was 31 
min. The injection volume of the samples was 20 µL. The identification of 
carotenoids was based on their retention time of a peak compared with the 
carotenoids’ standards. Calibration curves were carried out using standard 
lycopene and β-carotene with different concentrations (1–10 mg.L-1), using a 1:1 
ACN:DCM solution as the solvent. Detection was carried out with a DAD-3000 
diode array detector with a wavelength of 475 and 472 nm for lycopene and 440 
Microencapsulation of tomato (Solanum lycopersicum L.) pomace ethanolic extract by 
spray drying: Optimization of process conditions 
 
 92  
 
nm for β-carotene. The amount of β-carotene and lycopene in the samples was 
expressed as mg.gextract-1. 
 
4.2.6.2. Antioxidant activity 
 
The total antioxidant activity of samples was evaluated by radical scavenging 
activity assessment expressed as Trolox Equivalent Antioxidant Capacity 
(TEAC). An ABTS stock solution was prepared by dissolving ABTS in water at a 
7 mM concentration. An ABTS+ solution was produced by reaction of 5 mL of 
ABTS stock solution and 88 µL of a 140 mM potassium persulfate (K2S2O8) 
solution, to give a final concentration of 2.45 mM. This solution was kept in a dark 
room at room temperature for 12-16 h. Before analysis, the ABTS+ solution was 
diluted with ethanol to obtain an initial absorbance value of 0.70 ±0.05 at 734 nm. 
For evaluation of the AA of the tomato pomace extract itself, a volume of 30 
µL of diluted extract with the ACN:DCM solution was mixed with 3000 µL of the 
ABTS+ solution, followed by incubation for 6 min in the dark. Then, the 
absorbance was measured in a spectrophotometer (Unicam, UV/Vis 
Spectrometer – UV4, Alva, United Kingdom) at a wavelength of 734 nm. A 
calibration curve was performed using Trolox as the standard antioxidant, at the 
concentration range of 250-2000 µM in ethanol.  
 
4.2.7. Spray drying and microparticles’ characterization 
 
4.2.7.1. Drying yield 
 
DY was determined gravimetrically, as the ratio of the mass of microparticles 
collected at the end of the spray drying process and the mass of solids contained 
in the feed solutions. 
 
4.2.7.2. Morphological characterisation of microparticles 
 
The morphology of the particles obtained by spray drying was observed by 
scanning electron microscopy (SEM). The samples were coated with a mixture of 
gold (80%) and palladium (20%) in a vacuum chamber and analysed using a 
Hitachi S2400 scanning microscope operated at 10kV with different 
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magnifications (500x to 2000x). Particles size was measured by analysing SEM 
images using the image processing software ImageJ (National Institute of Health, 
USA).  
4.2.7.3. Loading capacity and encapsulation efficiency  
 
For the determination of the concentration of the bioactive compounds 
present in the microparticles, the method described by Rocha, Fávaro-Trindade, 
& Grosso (2012) was used with some modifications. A mass of 50 mg of 
microparticles was added to 50 ml of a mixture of ACN and DCM (1:1). The 
suspension was homogenized with an Ultra-Turrax T25 (IKA, Germany) at 
13500 rpm during 3 min, in order to break the particles. After mixing, the 
suspension was placed in amber glass flasks and kept away from light for about 
12 h at 5 °C. Afterwards, the suspension was filtered with a syringe filter (Nylon 
25 mm diameter, pore size of 0.45 µm; Fisher Scientific) into an HPLC vial. The 
concentration of bioactive compounds in the liquid phase was quantified by 
HPLC, the same method used for the tomato pomace extract. The LC of the 
particles was expressed as the mass of carotenoids per mass of particles. 
The EE was calculated as by Rocha et al. (2012), quantifying the ratio 
between the mass of carotenoids present in the collected microparticles and the 
carotenoids’ mass initially present in the feed solution. 
 
4.2.7.4. Antioxidant activity of the encapsulated carotenoids  
 
For the measurement of the AA of the encapsulated molecules, the 
microparticles’ core material was previously extracted with of a 1:1 
acetonitrile:dichloromethane (ACN:DCM), as described in the previous section. 
Afterwards, a volume of 800 µL of supernatant was mixed with 2200 µL of 
ABTS+ solution, followed by the steps described in section 2.6.2 for the fresh 
extract. 
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4.3. Results 
 
4.3.1. Characterization of tomato pomace extract 
 
The concentration of lycopene and β-carotene in the tomato pomace extract 
was 34.45 ± 1.75 and 0.92 ± 0.04 mg.gextract-1, respectively, which corresponded 
to 14.21 mg lycopene.g-1dry tomato pomace and 0.34 mg β-carotene.g-1dry 
tomato pomace. In the assessment of AA with ABTS assays, the extract 
possessed 139.01 ± 4.73 µmol trolox.gextract -1, which represented 4.04 ± 0.14 
µmol trolox.mg-1 lycopene.  
The carotenoids’ contents obtained in this study were higher than the 
results reported by Vági et al. (2007), which also recovered the carotenoids of 
the seeds and skins by Soxhlet apparatus using ethanol as the solvent. They 
found amounts of lycopene and β-carotene of 0.703 and 0.034 mg.gextract-1, 
respectively. Also, Machmudah et al. (2012) found that lycopene and β-
carotene contents in the tomato by-product (skin/seed) extracted by chloroform 
Soxhlet extraction for 15 h, were 0.82 ± 0.02 and 1.51 ± 0.06 mg.g-1 dry tomato, 
respectively. The higher amount of lycopene observed in the present work was 
attributed to the fact that the tomato pomace used in this work was produced 
from selected tomato cultivars characterized by possessing lycopene high 
content. 
 
4.3.2. Microparticles’ Morphology 
 
The size of the particles obtained by atomization is an important parameter 
due to its great influence on appearance, rehydration capacity, solubility, fluidity, 
and dispensability (Reineccius, 2004). Furthermore, it is known that the 
diameter of the particles depends on various factors, such as the drying 
conditions, concentration, and viscosity of the encapsulated material and the 
wall material properties (Fernandes et al., 2014). As examples, particle size 
distributions of particles dried at 155°C are presented in Figure 4.1. They 
showed a diameter ranging from 0.69 to 26.51 µm and from 0.58 to 21.67 µm 
for the arabic gum and inulin particles, respectively, with about 45% of them 
having a diameter between 2.5 and 5 µm and 90% lower than 10 µm. It was not 
observed as a significant influence of temperature on particle size distribution 
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for both inulin and arabic gum microcapsules. However, an increase in particle 
size was observed with the increase of the wall material concentration at the 
temperature of 155 °C. This behaviour was clearer for arabic gum particles, as 
shown in Figure 4.1. The increased viscosity of the spray drying feed solution 
may explain this fact. According to Tontul & Topuz (2017), the size of the liquid 
droplet during atomization varies directly with the viscosity of the liquid at the 
constant speed of the atomizer, resulting in larger particles. These results are in 
agreement with other spray drying powders, such as β-carotene in arabic gum 
Corrêa-Filho et al, 2019 and blackberry juice in maltodextrin (Ferrari et al, 
2012). 
 
  
  
Figure 4.1. Relative frequency (Bars) and cumulative frequency (Line) equivalent to 
the diameter of microcapsules: (a) 5% AG, 155°C; (b) 35% AG, 155°C; (c) 5% 
a 
b 
c d 
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inulin, 155°C; (d) 35% inulin, 155°C. 
Particles collected from spray drying were in the category of skin-forming 
structures (microcapsules) (Figure 4.2). These structures are usually formed by 
fast heat transfer from drying air to feed droplets and water vapour transfer in 
the opposite direction. When the droplet water content reaches a critical value, 
the wall material formes a continuous network and a dry outer layer appears at 
the droplet surface. Afterwards, there is a decrease in the drying rate with the 
drying front progression that becomes dependent on the water diffusion rate 
through this layer. Drying is eventually finished when the microcapsule 
temperature becomes equal to that of the air. 
In addition, the results on Figure 4.2 show that the arabic gum particles 
presented a different morphology when compared to the inulin ones. The 
majority of the inulin particles had a smooth outer surface, whereas the arabic 
gum particles showed the formation of teeth or concavities. However, for the 
same wall material, there was no difference amongst the particles obtained with 
different spray drying conditions. 
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Figure 4.2. Scanning electron microscopic images of microcapsules: (a) and 
(c) arabic gum (Magnification x1000 and x1500); and (b) and (d) inulin 
(Magnification x1000 and x1700) 
This difference in morphology between wall materials may be related to a 
greater skin rigidity of inulin capsules compared that of arabic gum, allowing the 
particles to dry without shrinkage (Botrel et al., 2014). These results are in 
agreement with Wilkowska et al., (2017) that used two wall materials for the 
microencapsulation of different wine fruit by spray drying and observed that the 
inulin particles had a smooth spherical shape, while the particles of the other 
wall material, hydroxypropyl-β-cyclodextrin, had a spherical shape with wrinkled 
surfaces. Rocha et al. (2012) in analysing microcapsules using lycopene as the 
core material and modified food starch as wall material, also found 
microcapsules with the rounded outer surface showing tooth formation. The 
authors reported that the appearance of the teeth formed on the surface was 
due to the rapid evaporation of the liquid droplets during the spray drying 
process. 
a b 
c d 
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In Figure 4.2c,d, fragmented particles of inulin and arabic gum are depicted. 
The spray-dried particles were typically hollow, with the core material retained 
mainly within the wall. The presence of vacuoles was observed in the arabic 
gum particles throughout the wall where the core material was probably 
retained. As for the inulin particles, a compacted and homogeneous wall was 
observed. Aniesrani Delfiya et al., (2015) also observed the presence of 
vacuoles along the entire length of the wall of the arabic gum particle, where 
oleoresin was probably contained and Rocha et al. (2012) microencapsulated 
lycopene using a modified starch and reported that the core material was evenly 
distributed throughout the wall material. 
 
4.3.3. Response variables of experimental design 
 
Experimental results of response variables (loading capacity, encapsulation 
efficiency, antioxidant activity, and drying yield) are shown in Table 4.1 for 
arabic gum and inulin, respectively. Table 4.2 shows the determination 
coefficients (R2 and RAdj2) and the linear and quadratic effects of the 
independent variables, as well as their interaction on responses for each 
studied dependent variable. High values for R2 and Radj2 indicated a good fit to 
the data.  
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Table 4.2. Regression coefficients of second-order polynomial equations for 
each response variable.  
Wall 
material 
Equation R2 
RAdj
2 
Arabic 
gum 
EE = 13.830 + 1.15306AG* + 0.0001AG2 - 0.232T + 
0.002T2* - 0.009AG.T* 
0.91 0.81 
DY = 158.789* - 1.564AG* + 0.01AG2 - 1.359T* + 
0.004T2* + 0.002AG.T 
0.93 0.87 
Inulin  
EE = -59.613 - 3.029In* + 0.023In2 + 1.291T* - 0.005T2* 
+ 0.0127In.T 
0.92 0.84 
DY = -25.960 + 1.682In* - 0.093In2* + 0.677T* - 
0.002T2* + 0.008In.T 
0.87 0.74 
LC = -4.715 - 0.448In* + 0.005In2 + 0.134T* - 0.001T2* + 
0.002In.T 
0.86 0.72 
In: Inulin; AG: Arabic gum; T: Temperature; EE: Encapsulation efficiency; DY: 
Drying yield; LC: Loading capacity; *parameter affecting significantly the 
response variable, p>0.05. 
Experimental data fitted to 3-dimensional response surfaces as a function of 
drying inlet temperature (T; °C) and arabic gum or inulin concentrations (AG or 
In; %) are shown in Figure 4.3.  
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    Figure 4.3. Response surfaces for encapsulation efficiency and drying yield: (a) and (b)  
    arabic gum; (c) and (d) inulin. 
 
Second order polynomial models, describing those surfaces that have 
determination coefficients (R2) higher than 0.70, indicating a good fit to the 
experimental data (Torres et al., 2012), are presented in the Table 4.2.  
 
4.3.3.1. Encapsulation Efficiency and Loading Capacity 
 
EE is a response variable of great importance in the encapsulation of 
bioactive compounds, since it indicates the amount of bioactive compounds of 
the feed which, in fact, were encapsulated. According to Fernandes et al. 
(2016), EE is strongly affected by the drying inlet temperature, and type and 
a 
c
b 
b d 
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concentration of wall material used. EE values of tomato pomace extract with 
arabic gum ranged between 3.4 and 20.5% (Table 4.1), whereas for 
encapsulation with inulin was slightly higher, ranging from 6.9 to 25.3% (Table 
4.1). These results are in the range of those reported by Rocha et al. (2012) for 
microencapsulation of lycopene in modified starch by atomization in spray 
drying (between 21.0 and 29.7%) and by Fernandes et al. (2016) for the 
microencapsulation of ginger essential oil using cashew gum as the main wall 
material and inulin as secondary material (15.8% for the 1:3 mixture of cashew 
gum and inulin). 
Table 4.2 shows the determination coefficients (R2 and RAdj2) and the 
regression coefficients for the decoded second-order polynomial equations for 
each response variable studied. For both arabic gum and inulin microparticles, 
a good fit of Equation 1 to EE experimental data was achieved, with a 
coefficient of determination (R2) of 0.91 and 0.92, respectively. 
The response surfaces are presented in Figure 4.3a,c. As can be seen, the 
increase in drying temperature led generally to an increase in the EE in the 
entire concentration range studied for both wall materials. In the case of arabic 
gum, EE increased for drying temperature values up to 200 °C. However, with 
inulin, EE increased when the temperature increased from 110 to 155 °C, but 
for a further increase up to 200 °C, a decrease of EE was observed. This fact 
may be due to the effect of air inlet temperature on particle formation that 
depends on the wall material. High temperatures lead to a fast evaporation of 
water from the surface of the particle, which results in rapid formation of the 
surface crust. The formation of this crust protects the bioactive compound 
during the drying process. Though, for some materials, in the present work, inlet 
temperatures above a specific value may cause fissures, pores, and broken 
particles to a larger extent, resulting in the loss of the bioactive compounds, and 
consequently, reducing EE (Goula & Adamopoulos, 2012; Shamaei et al., 
2017).  
Regarding the effect of wall material concentration on EE, the surface 
responses indicated that for both inulin and arabic gum, a decrease of 
biopolymer concentration led to an increase in the amount of core material 
encapsulated. This fact may be attributed to the lower viscosity of the feed, 
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which led to a higher water evaporation rate from the liquid droplets with 
consequent faster dried particles formation. 
LC is defined as the amount of bioactive compounds, in this study 
expressed as lycopene, which, in fact, is within the particles produced. LC 
values ranged from 1.15 to 2.10 mg lycopene.g-1particles and between 0.87 and 
3.08 mg lycopene.g-1particles, for arabic gum and inulin, respectively. Overall, 
the particles obtained with the highest lycopene content were those produced 
with 9.4% arabic gum at 186.8 °C and with 5% inulin at 155 °C.  
The values of LC with arabic gum were not successfully fitted to the second 
order model. Though, from Table 4.1, for both wall materials, LC tends to follow 
a similar trend as EE in what concerns the effect of wall material concentration 
and drying temperature, the latter up to 155 °C. 
Murali et al., (2015) studied the microencapsulation of black carrot using 
tapioca starch, arabic gum, and maltodextrin as wall material and indicated a 
greater loss of anthocyanins content of the particles obtained for each wall 
material by increasing the drying inlet temperature. Kha, Nguyen, & Roach 
(2010) also indicated that the increase in input drying temperature and 
maltodextrin concentration (wall material) led to the reduction of both the LC 
and EE in the microencapsulation of bioactives of the gac fruit. In both works 
this behaviour was attributed to thermal degradation and oxidation of the 
bioactives. Similar to the present work, Quek, Chok, and Swedlund (2007) 
observed lower LC values of lycopene and total carotenoids with increasing 
concentration of maltodextrin, upon encapsulation of watermelon juice. 
 
4.3.3.2. Drying yield 
 
The yield of microparticles depends both on the type and concentration of 
the wall material and also on the configuration of the equipment, inlet air 
temperature, feed temperature, and feed flow rate used for encapsulation 
(Nunes & Mercadante, 2007). Losses in the recovery of the microparticles in the 
spray drying process may be due to deposition of the powder on the wall of the 
drying chamber or cyclone. In this study, this behaviour was observed mainly 
for the trials with higher concentration of the wall material. A similar observation 
was also reported by several authors. For example, according to Santana et al., 
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(2013), the retention of the product in the wall of the dryer or cyclone, for long 
time, is undesirable as it affects the quality of the product. Due to a more 
intense heat treatment, this product accumulated on the surface of the drying 
chamber may have different properties, such as solubility, colour or moisture 
content. 
DYs of tomato pomace extract with arabic gum ranged between 14.7 and 
44.0%, and the highest DY values were obtained with 9.4% of arabic gum at a 
drying temperature of 123.2 °C (Table 4.1). With inulin as wall material, DYs 
were higher, ranging from 34.9 to 49.5%, with the highest value obtained for the 
inulin concentration of 22.1% and drying temperature of 186.8 °C (Table 4.1). 
Other researchers have also found values of DY lower than 60%. Nunes and 
Mercadante (2007) found an average DY of 51% when encapsulating lycopene 
crystals with a mixture of arabic gum and sucrose. In addition, Santana et al. 
(2013), who studied the microencapsulation of pequi pulp extract by spray 
drying using arabic gum as the encapsulating agent, found DY values that 
ranged from 25.8 to 56.1%. 
A second order model was fitted to the experimental data of the DY for both 
the arabic gum and inulin assays. ANOVA showed that a satisfactory 
adjustment was obtained, since the coefficient of determination was acceptable 
(R2> 0.7), and the value of the lack of fit was not significant (P> 0.05) for a 
confidence level of 95%. Figure 4.3b,d show the surface response relative to 
the DY for the arabic gum and inulin assays, respectively. 
As shown in Table 4.2, the drying inlet temperature had a significant 
positive effect on the DY in both inulin and arabic gum assays. The increase of 
the drying inlet temperature resulted in the increase of the DY. This behaviour 
can be attributed to higher heat and mass transfer processes at higher 
temperatures, leading to the increase of the water evaporation rate. On the 
other hand, the concentration of the wall material showed a significant negative 
effect on the DY, that is, increasing the concentration of arabic gum or inulin 
decreased the DY. Again, a lower water evaporation rate in droplets of 
emulsions with a higher viscosity was envisaged. These results are in 
agreement with Santana et al. (2013) and Tonon, Brabet, & Hubinger (2008) 
upon microencapsulation of pequi pulp extract and açai pulp, respectively.  
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4.3.3.3. Antioxidant activity  
 
The AA values of encapsulated tomato pomace extract with arabic gum 
ranged from 0.9 to 4.6 µmol trolox.mg-1 lycopene, whereas that with inulin 
particles varied between 1.0 and 3.5 µmol trolox.mg-1 lycopene. These results 
showed a loss of AA after encapsulation ranging from 0 to 77.7% and from 13.4 
to 75.2% for arabic gum and inulin particles (Table 4.1), respectively. Similarly, 
Simon-Brown et al. (2016) observed the loss of approximately 72% of AA when 
encapsulating the ginger extract with maltodextrin and arabic gum by spray 
drying. This decrease is attributed mainly to the exposure of the feed solution to 
inevitable environmental factors, such as oxygen and light, during the spray 
drying process. 
The second order model did not fit the AA experimental data obtained for 
both arabic gum and inulin particles, since a coefficient of determination below 
0.70 was observed. Nevertheless, looking at Table 4.1, the value of AA of 
bioactives encapsulated in arabic gum particles tended to increase with 
increasing drying temperature, for the same wall material concentration. This 
might heve been due to the formation of a rapid crust on the surface protecting 
the bioactive compounds from degradation. Though, the results obtained for the 
inulin particles (Table 4.1) showed that AA values tended to decrease with 
increasing drying temperature in most cases. For example, with 15% inulin, the 
AA decreased from around 2.6 to 1.4 µmol trolox.mg-1 lycopene, and from 3.2 to 
1.4 µmol trolox.mg-1 lycopene, when the temperature was changed from 155 to 
200 °C and from 110 to 200 °C, respectively.  
Regarding the effect of wall material concentration on AA, from Table 4.1, a 
decrease of AA when increasing the biopolymer content on the feed was 
envisaged. In fact, for a fixed drying temperature of 155 °C, increasing the 
arabic gum concentration from 5% to 35% led to an AA decrease from 4.5 to 
0.9 µmol trolox.mg-1 lycopene. In the case of inulin, increasing its concentration 
from 5% to 25% led to an AA decrease from 3.5 to 2.1 µmol trolox.mg-1 
lycopene. These results are in line with those reported above for the variation of 
EE and LC with wall material concentration, and might be related to lower 
droplets drying rates occurring when the rheological properties of the feed 
solution change. 
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4.3.4. Spray drying process analysis 
 
The most suitable conditions for the production of tomato pomace extract 
loaded microcapsules by spray drying were determined by taking into account 
the maximum value of the response variables, within the range values of the 
independent variables studied. The multicriteria methodology was used to find 
an optimal point for taking into account the different responses studied at the 
same time. The desirability function is the most current multicriteria 
methodology used in optimization processes that contains several responses. In 
the desirability function, each response obtained under the operating conditions 
was transformed into a dimensionless desirability scale ranging from 0 (fully 
undesirable response) to 1 (totally desired response) (Bezerra et al., 2008). 
The desirability function was employed for the simultaneous analysis of the 
responses, and the response variables values considered as the most suitable 
were the ones leading to desirability values above 0.7 (Tumwesigye et al., 
2016). To obtain microcapsules under the ideal conditions for each wall material 
studied, namely arabic gum and inulin, only the variable responses that 
presented a good fit to the experimental model were considered. For arabic 
gum particles, EE and DY responses were simultaneously analysed and for 
inulin particles, EE, DY, and LC responses were used. The desirability surface 
curves are shown in Figure 4.4.  
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Figure 4.4. Desirability surface curves for optimal conditions: (a) Using 
encapsulation efficiency and drying yield for Arabic gum assays; (b) Using 
encapsulation efficiency, loading capacity and drying yield for inulin assays. 
 
The most suitable condition found for the inlet drying temperature was 200 
and 160 °C for arabic gum and inulin, respectively. Concerning the most 
suitable value of the wall material concentration, a concentration of 10% was 
estimated for both inulin and arabic gum. Under these conditions, the predicted 
EE and DY were 21.5% and 43.3% respectively, for arabic gum particles. Also, 
the predicted EE, DY, and LC for inulin particles were 21.2%, 45.9%, and 2.5 
mg lycopene.g-1particles, respectively. 
 
4.4. Conclusions 
 
In this study, an ethanolic tomato pomace extract was successfully 
encapsulated by spray drying, using arabic gum and inulin as wall materials. 
Both wall materials enabled the formation of microparticles loaded with tomato 
pomace carotenoids, mostly lycopene. However, the particles’ morphology, the 
carotenoids loading, and the AA of the encapsulated material were quite 
dependent on the wall material used. Furthermore, from the study of the effect 
of the spray drying conditions (inlet drying temperature and biopolymer 
concentration of the feed) for each wall material, the ones that enabled the 
better performance, not only in terms of carotenoids loading but also in terms of 
a b 
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DY and EE were a wall material concentration of 10% and drying temperatures 
of 160 and 200 °C for inulin and arabic gum, respectively. 
Overall, arabic gum and inulin presented good potential for encapsulation of 
tomato pomace extract by spray drying, originating loaded microcapsules with 
different properties, and envisaging their application in food formulations with 
diverse physical and chemical characteristics. 
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Abstract 
 
This work intended to evaluate the storage stability and in vitro release of 
lycopene from tomato pomace extract encapsulated and its bioaccessibility 
when incorporated in yoghurt. Microencapsulation assays were carried out with 
tomato pomace extract (15% dry basis) and arabic gum or inulin, as wall 
materials, by spray drying (160 and 200 ºC). Two wall material concentrations 
(20 and 10%) were used. The results indicate that lycopene degradation was 
highly influenced by the presence of oxygen and light, even when encapsulated. 
In vitro release studies in simulated digestive fluids revealed that 63% of 
encapsulated lycopene was released from the arabic gum particles in simulated 
gastric fluid, whereas for the inulin particles, the release was only around 13%. 
Inulin used at a concentration of 20% was the one showing the best protection 
ability and the one that enabled to reach the intestine with greater concentration 
of bioactives to be released. The bioaccessibility of the microencapsulated 
carotenoides added to yoghurt increased during simulated gastrointestinal 
digestion as compared to the carotenoids of the microparticles studied without 
yoghurt. 
 
Keywords: tomato pomace extract, bioactive compounds, bioaccessibility, 
storage stability, in vitro digestion, yoghurt 
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5.1. Introduction 
 
Worldwide, large quantities of fruit and vegetable wastes are disposed of 
annually due to processing and poor storage facilities. As these organic food 
wastes are easily susceptible to microbiological deterioration, they cannot be 
introduced into the food chain as seeds, skin and pomace without any 
processing. However, organic by-products can be valorised by extracting the 
bioactive compounds present in the waste for subsequent use as functional 
food ingredients, food additives, pharmaceuticals and cosmetics products, as 
they are considered to have a beneficial effect on health (Nagarajan et al, 2017; 
Pleissner et al., 2016; Shilpi, Shivhare, & Basu, 2013).  
Changes in modern lifestyle and the growing awareness of the link between 
diet and health, as well as new processing technologies, have led to an 
increased interest on the development of new healthy food products. Among 
them, a lot of attention has been driven to the development of functional food 
products enriched with natural functional bioactive molecules. Many bioactive 
compounds, such as carotenoids, extracted from natural sources have been 
shown to possess several biological activities, like antimicrobial, antibacterial, 
antifungal, antiviral, anti-inflammatory, antitumor, anti-obesity, 
anticholesteremic, antihypertensive, and antioxidant functions (da Silva, Rocha-
Santos, & Duarte, 2016). 
Carotenoids such as lycopene and β-carotene are antioxidants naturally 
present in some food products, and may be recovered as concentrated extracts 
from agroindustrial by-products, like tomato pomace (Nagarajan et al., 2017; 
Rao & Rao, 2007). Tomato and tomato-based foods are the main sources of 
lycopene and are considered important contributors of carotenoids to the 
human diet (Shi & Maguer, 2000). However, the same properties that make 
carotenoids useful in healthy tissue function, create challenges in preventing the 
degradation of carotenoids in food products due to the presence of unsaturated 
bonds in molecular structure (Boon et al., 2010; Shu et al., 2006). 
Carotenoids are compounds very instable to processing and storage and 
their stability is affected by pH, exposure to light, temperature, oxygen and acid 
media. These factors may influence the biological activity, nutritional quality and 
the development of undesired flavours and colour of food. Therefore, the 
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stability is an important aspect to consider for use of carotenoids as antioxidants 
and colorants in foods (Liu et al., 2015; Provesi, Dias, & Amante, 2011; Rimac-
Brnčić et al., 2015). 
Microencapsulation of bioactive compounds such as carotenoids and 
anthocyanins converts a liquid solution into a powder, which facilitates its 
handling, transport, storage, dosage and application (Özkan & Bilek, 2014). The 
encapsulation process has been extensively used for the stabilization of the 
bioactive compounds, thus avoiding the volatile losses, degradation and early 
interaction of the bioactives (Fang & Bhandari, 2011; Shu et al., 2006). Also, the 
microencapsulation process allows to improve the stability, bioaccessibility of 
core material and to control the rate of bioactive compound release to a 
targeted site (Aizpurua-Olaizola et al., 2016). 
Spray drying has been widely used in the food processing field due to its 
ease of industrialization, continuous production, low cost and it produces dry 
particles of good quality and with low water activity. During the spray drying 
process, evaporation of the water from the wall material occurs rapidly which 
maintains the core temperature below 100 °C, despite the use of high 
temperatures in the process. Therefore, this is an advantageous method for the 
encapsulation of heat sensitive compounds (Fang & Bhandari, 2011; Rahman, 
2007; Zokti et al., 2016). 
The characteristics of the ideal wall material depends on what purpose it 
will be applied. Composition of the wall material influences the efficiency of the 
core material protection and its controlled release. Generally, wall material 
should produce low viscosity solutions or suspensions at high solids content, 
emulsifying properties (especially for hydrophobic core materials) and to be 
resistant to the gastrointestinal tract (Calvo et al., 2012; Özkan & Bilek, 2014). 
Arabic gum is a complex polysaccharide derived from acacia trees. In 
general, arabic gum has low viscosity in aqueous media, good taste, high 
solubility in water, excellent emulsifying properties and good volatile retention 
(Troya, Tupuna-Yerovi, & Ruales, 2018; Zokti et al., 2016). Another interesting 
wall material used in the food industry is inulin due to its nutritional benefits and 
diversified technical and functional properties. Inulin is a fructooligosaccharide 
(FOS) commercially obtained from chicory root and it is composed of fructose 
units with β (2-1) bonds with glucose at the end of the chain (Beirão-da-Costa et 
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al., 2013).  Inulin is a dietary fibre, improves calcium bioavailability and it shows 
prebiotic effects, that is, it is degraded by certain bacteria of the colon such as 
bifidobacteria and lactobacilos (probiotics) (Robert et al., 2012).  
There is the interest in designing microencapsulates to release the 
encapsulated bioactive compounds during in the intestine, where they may be 
absorbed into the blood stream. The literature indicates that the various types of 
wall materials used for the encapsulation of bioactive compounds influence 
differently on the bioacessibility/bioavailability of their compounds. In vivo 
digestion methods generally provide more reliable results but are time 
consuming and expensive. Alternatively, in vitro digestion models are a useful 
method that has been used in the first stages of the study (Calvo et al., 2012; 
Chung, Sanguansri, & Augustin, 2011).  
Therefore, the aim of this work was the stabilization of antioxidants from 
tomato pomace extract by spray drying process, using inulin and arabic gum as 
wall materials. Furthermore, the encapsulates were studied in terms of storage 
stability and in vitro release of encapsulated tomato pomace in simulated gastric 
and intestinal fluids. 
 
5.2. Material and Methods 
 
5.2.1. Materials 
 
Tomato pomace (Solanum lycopersicum L.) was supplied from HIT 
Group (Marateca, Portugal). Arabic gum (LabChem) and Inulin (Alfa Aesar, 
Germany) were used to form the protective matrix. Commercial probiotic 
yoghurt (Actimel, Danone) and Natural liquid yoghurt (Drink, Milbona) were 
purchased from a local supermarket to be used as the food matrix. 
2,2'- Azinobis (3-ethylbenzothiazoline-6-sulphonic acid) diammonium salt 
(ABTS), lycopene, β-carotene, pepsin from porcine gastric mucosa (P6887), 
lipase from porcine pancreas (L3126) and pancreatin from porcine pancreas 
(P7545) were purchased from Sigma–Aldrich (Steinheim, Germany). 6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) was obtained from Acrós 
Organics (Geel, Belgium). Potassium persulfate (K2S2O8), potassium chloride 
(KCl), calcium chloride (CaCl2), sodium hydrogen carbonate (NaHCO3) and 
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ethanol were purchased from Panreac AppliChem. Acetonitrile, 
dichloromethane, ethyl acetate and sodium chloride (NaCl), were obtained from 
Honeywell (Seelze, Germany). MRS broth was purchased from Biokar 
diagnostics (Beavais, France). 
  
5.2.2. Tomato pomace extract preparation 
 
The extract preparation was carried out using the procedure described in 
Chapter 4 – section 4.2.2. 
 
5.2.3.  Preparation of emulsions 
 
The emulsions preparation was carried out using the procedure 
described in Chapter 4, section 4.2.3. A volume of 75 mL of emulsion was 
prepared for each experimental condition.  
 
5.2.4.  Spray drying conditions 
 
The emulsions were fed at a rate of 3.7 mL.min-1 to a co-current spray 
dryer (Lab-Plant SD-05, Huddersfield, England) equipped with a 0.5 mm 
diameter nozzle. The feed solution was kept under magnetic stirring and the 
pressure of the compressed air set at 1.7 bar. The inlet temperature was 160 
and 200 °C, for inulin and arabic gum assays, respectively. Two wall material 
concentrations (10 and 20%) were used for encapsulation of tomato pomace 
extract. The dried powders obtained were collected from the collecting chamber 
and stored under vacuum protected from light.  
 
5.2.5. Analytical methods 
 
In order to assess its antioxidant activity and the concentrations of 
lycopene and β-carotene, the extract concentrated was diluted into a 1:1 
acetonitrile:dichloromethane (ACN:DCM) solution 0.1% (m/v). All analytical 
measurements were carried out in triplicate.  
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5.2.5.1. Carotenoids content in the tomato pomace extract 
 
The concentration of lycopene and β-carotene in the tomato pomace 
extract was carried out using the procedure described in Chapter 4, section 
4.2.6.1. 
 
5.2.5.2. Antioxidant activity of the tomato pomace extract 
 
The total antioxidant activity of samples was carried out using the 
procedure described in Chapter 4, section 4.2.6.2. 
 
5.2.5.3. Loading capacity 
 
For the determination of the concentration of the bioactive compounds 
present in the microparticles, a mass of 20 mg of microparticles was added to 
10 ml of a mixture of ACN and DCM (1:1). The suspension was homogenized 
with an Ultra-Turrax T25 (IKA, Germany) at 13500 rpm during 3 min, in order to 
break the microparticles. After mixing, the suspension was placed in amber 
glass flasks and kept away from light for about 12 h at 5 °C. Afterwards, the 
suspension was filtered with a syringe filter (Nylon 25 mm diameter, pore size of 
0.45 µm; Fisher Scientific) into an HPLC vial. The concentration of bioactive 
compounds in the liquid phase was quantified by HPLC, in the same way used 
for the tomato pomace extract. The loading capacity (LC) of the particles was 
expressed as the mass of carotenoids per mass of particles. 
 
 
5.2.5.4. Antioxidant activity of the encapsulated material  
 
The measurement of the antioxidant activity (AA) of the encapsulated 
molecules was carried out using the procedure described in Chapter 4, section 
4.2.7.4. 
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5.2.6. Storage stability of microencapsulated tomato pomace extract  
 
Samples of microparticles loaded with tomato pomace extract and free 
lycopene were placed in desiccators under four conditions as follows: (1) Dark + 
O2; (2) Dark + N2; (3) Light + O2; and (4) Light + N2. The relative humidity and 
temperature were kept at 33% and 25 ºC, respectively, during all the 
experiment. Microparticles were periodically analysed during 27 days to access 
the stability of encapsulated bioactives to the oxygen and light compared to free 
lycopene.  
Lycopene loss was determined as the difference between the original and 
the obtained content of lycopene at different storage times. The quantification of 
carotenoids and antioxidant activity of bioactives was performed in triplicate, 
employing the same methodology described previously. 
 
5.2.7. In vitro digestion studies 
 
5.2.7.1. Microencapsulated tomato pomace extract. 
 
In vitro digestion studies of microencapsulated tomato pomace extract were 
performed under static conditions in simulated gastric fluid (SGF, pH 1.7) and 
intestinal fluid (SIF, pH 6.5) without enzymes, as described by G. V. Gomes et 
al. (2017). These studies were conducted in both fluids in parallel. The 
compositions of the simulated gastric and duodenal fluid are shown on Table 
5.1. The pH of the simulated digestive fluids was adjusted with 1 M HCl or 1 M 
NaOH. The release studies were carried out in a shaking thermal water bath 
(type 3047, Kotterman, Germany) with controlled temperature at 37 ºC. In each 
release essay, 50 mg of microparticles was suspended in 5 mL of simulated 
fluid in 15 mL Falcon tubes under mild stirring for 2 h.  
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Table 5.1. Salt concentrations of simulated gastrointestinal fluids 
Gastric solution Duodenal solution 
4.8 g/L NaCl 5.0 g/L NaCl 
2.2 g/L KCl 0.6 g/L KCl 
0.22 g/L CaCl2 0.25 g/L CaCl2 
1.5 g/L NaHCO3  
 
5.2.7.2. Yoghurt incorporated with microparticles 
 
In vitro digestion studies of the food matrix, yoghurt, enriched with 
microparticles were performed using simulated gastric fluid (SGF, pH 1.7) and 
intestinal fluid (SIF, pH 6.5) as described in the previous section with some 
modifications. Enzymes were added to the simulated gastric and duodenal 
fluids (Table 5.1). Porcine pepsin and lipase from porcine pancreas were added 
to achieve 2000 U.mL-1 and 40 U.mL-1 at the end of the gastric digestion 
mixture, respectively. Pancreatin was added to achieve 100 U.mL-1 in the 
duodenal digestion mixture. 
Microparticles produced with arabic gum and inulin were used for in vitro 
digestion studies when incorporated into yoghurt. A mass of 2.5 g of yoghurt 
was placed in a Falcon tube containing 50 mg of each type of microparticles. 
The food matrix release assay was performed sequentially: the mass of 2.5 mg 
of yoghurt with microparticles was suspended in 2.5 mL of simulated gastric 
fluid in 15 mL Falcon tubes under mild stirring for 2 h. Subsequently, 5.0 mL of 
simulated duodenal fluid was added in the same tube and let under mild 
shaking for more 2 h. 
The inulin microencapsulates that showed improved storage stability and 
bioaccessibility of the core material were chosen to be incorporated into a 
probiotic yoghurt (Actimel) to evaluate the survival of bacteria with and without 
inulin particles.  
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5.2.7.3. Carotenoid bioaccessibility 
 
The bioaccessibility of carotenoids in the microparticles was determined 
during the in vitro digestion process in order to obtain their release profile. At 
regular time intervals, different tubes were taken from thermal bath, centrifuged 
at 8000 rpm for 20 min at 10 ºC to separate the microparticles, recovering the 
supernatant (micelle fraction) in which the bioactive compound will be present. 
The bioaccessibility of carotenoids in yoghurt was determined only at the end of 
each stage of digestion (gastric and intestinal).  
For the extraction of carotenoids from both the microparticles alone and from 
the food matrix with microparticles, 3 mL of chloroform was added in the tubes 
containing the raw digesta (before centrifugation) or micelle fraction (after 
centrifugation), vortexed, and then centrifuged at 4000 rpm for 10 min at 10 ºC. 
The organic layer was collected and analysed by HPLC, as described in the 
Chapter 4 in Section 4.2.6.1. The bioaccessibility of carotenoids was calculated 
as the ratio of the carotenoids concentration presented in the micelle fraction 
and the carotenoids concentration contained in the raw digesta. The 
bioaccessibility was expressed as percentage. 
 
5.2.8. Viability of bacteria from the probiotic yoghurt (Actimel) 
 
Survival of the bacteria contained in the probiotic yoghurt with and without 
microparticles was evaluated during the in vitro digestion studies. At regular 
time intervals (0, 2, 4, 6 an 8h), different Falcon tubes were taken from thermal 
bath to analyze the survival of bacteria present in the yoghurt. An aliquot of 0.1 
mL of the sample contained in each tube Falcon was diluted in 0.9 mL of ringer 
solution and then 0.1 mL of that diluted sample was spread on MRS (de Man, 
Rogosa and Sharp) agar plate. The microbial count was made after incubation 
at 30 ºC for 72h. The results were expressed as CFU.mL-1 of yoghurt. 
MRS broth was prepared by dissolving 55.3 g MRS and 20 g agar-agar into 
1 L of hot distilled water. The broth was autoclaved at 121 ºC for 15 min, cooled 
down to 50 ºC in a water bath, and then poured into the petri dishes. The media 
was used within 2 days. 
 
Storage stability and in vitro bioaccessibility of microencapsulated tomato (Solanum 
lycopersicum L.) pomace extract 
 
 124  
 
5.3. Results and discussion 
 
5.3.1. Characterization of tomato pomace extract. 
 
The concentration of lycopene and β-carotene in the tomato pomace extract 
was 15.19 ± 0.42 and 0.63 ± 0.02 mg.g-1 extract, respectively which 
corresponds 6.26 mg lycopene.g-1 dry tomato pomace and 0.26 mg β-
carotene.g-1 dry tomato pomace. In the assessment of antioxidant activity, the 
extract possessed 536 ± 4.75 µmol trolox.g-1 extract or 35.27 ± 1.25 µmol 
trolox.mg-1 lycopene from ABTS assays. Lower values of lycopene content 
(0.143 ± 0.004 mg.g-1 tomato concentrate) and antioxidant activity (11.3 ± 0.6 
μmol Trolox.g-1 tomato concentrate) in tomato concentrate obtained by reverse 
osmosis followed by lower diafiltration were found by Souza et al. (2018). This 
difference observed in the values of the lycopene content and antioxidant 
activity can be explained by the different way of obtaining the extract and the 
source of the raw material. In this work, the tomato pomace was obtained from 
selected tomato cultivars, which had a high content of lycopene. 
 
5.3.2. Storage stability of microencapsulated tomato pomace extract  
 
It is well known that the storage conditions, i.e. the pH, temperature, light, 
oxygen and water activity, are important factors for preserving sensitive 
materials such as bioactives, flavours, and microorganisms. Stability of 
microparticles is defined as a state in which their physical (particle size, shape, 
size diameter), chemical and microbial characteristics are maintained 
unchanged throughout the storage period (Zokti et al., 2016). The non-
microencapsulated and microencapsulated tomato pomace extract was stored 
under different environmental conditions to evaluate the effect of the wall 
material on the protection of lycopene content and antioxidant activity from 
tomato pomace extract.  
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5.3.2.1. Lycopene content 
 
The loading capacity obtained for each wall material formulation was 
evaluated at the beginning of storage time (0 day). The loading capacity values 
obtained for 20 and 10% of wall material were 1.1 and 1.3 mg lycopene.g-1 
particles for inulin, and 0.9 and 1.5 mg lycopene.g-1 particles for arabic gum, 
respectively. The lycopene content at the start of the storage time was 
considered to be 100% to exclude the differences in the amount of lycopene 
obtained between formulations of the wall materials.  
Figure 5.1 represents the lycopene loss during storage for each 
environmental conditions and samples studied. Overall, both inulin and arabic 
gum microcapsules with tomato pomace extract presented improved stability 
during storage compared to the free extract, showing the importance of 
microencapsulation in relation to the degradation of the bioactive compounds. 
Nevertheless, the loss of lycopene and antioxidant activity increased with 
increasing storage time in all storage conditions.  
Similar results were reported in studies on microencapsulation of 
carotenoids by spray drying such as Souza et al. (2018) who 
microencapsulated carotenoids from tomato concentrate into different types of 
wall materials (maltodextrin, whey protein isolate and Capsul®) and Álvarez-
Henao et al. (2018) who studied the stability of lutein-loaded microcapsules 
using maltodextrin, arabic gum and modified starch as wall materials. Çam, 
İçyer, & Erdoğan (2014) also found the same behaviour for phenolic 
compounds when they evaluated the stability of phenolics from 
microencapsulated pomegranate seeds under storage at 5 °C for 3 months.  
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Figure 5.1. Lycopene loss over the storage period under different conditions. Different letters 
represent statistically significant differences (Tukey test p < 0.05): uppercase letters (effect of 
environmental conditions on lycopene loss); lowercase letters (effect of samples on lycopene 
loss). EIn20 – 20% Inulin; EIn10 – 10% Inulin; EAG20 – 20% Arabic gum; EAG10 – 10% Arabic 
gum; E – tomato pomace extract 
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The encapsulated samples of tomato pomace extract with 20 and 10% of 
wall material presented a lycopene degradation of 11.2 and 41.2% for inulin, 
and 43.6 and 49.9% for arabic gum, after 27 days of storage in dark and 
nitrogen. On the other hand, when stored under adverse environmental 
conditions (presence of light and oxygen), all the samples showed a complete 
degradation of the lycopene, except the particles with 20% inulin which 
presented a degradation lycopene degradation of 86.4%. Overall, the results 
indicate that lycopene degradation was highly influenced by the presence of 
oxygen and light, demonstrating that the bioactive compounds should be 
preserved in absence of these conditions, even when encapsulated. 
In terms of wall material concentration, greater protection of lycopene 
was observed for the highest concentration of both wall materials (20%). 
According to Bhandari et al., (1992), higher solids content results in greater 
protection of microencapsulated material and thus, greater stability. 
Moreover, all samples of microencapsulated tomato pomace extract 
showed a better stability of lycopene retention under less adverse 
environmental conditions (dark and nitrogen), presenting a degradation of less 
than 50%, whereas the non-microencapsulated extract was higher than 70%. 
Furthermore, under these conditions, the microparticles with 20% of inulin were 
the more efficient ones in protecting the bioactives, with a lycopene degradation 
of 11.2%. 
Other researchers also studied carotenoid degradation in microparticles 
produced by spray drying using different types of wall materials. Souza et al. 
(2018) stored lycopene-loaded microcapsules from tomato concentrate 
produced by spray-drying in the dark for 28 days at 25 °C. Maltodextrin, whey 
protein isolate and Capsul® were used as wall materials. After the storage 
period, the loss of lycopene between 67 and 93% was observed. Rocha, 
Fávaro-Trindade, & Grosso (2012) used Capsul® as wall material to produce 
lycopene loaded microparticles. They observed that the particles stored at 25 
°C in vacuum and away from the light had lycopene degradation of 41.32% after 
73 days. Matioli & Rodriguez-Amaya (2002) evaluated the effect of light on the 
degradation of lycopene from red-fleshed guava pulp microencapsulated in 
arabic gum during storage. The authors observed that more than 50% of 
encapsulated lycopene was degraded on day 19 and day 7 when stored in light 
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and dark, respectively, both at room temperature. Álvarez-Henao et al. (2018) 
evaluated the storage stability of lutein-loaded microparticles produced by 
spray-drying using arabic gum and the mixture of maltodextrin, arabic gum and 
modified starch (1:1:1) as wall materials. The samples were stored at 40 °C and 
relative humidity of 75%. At the end of 20 days of storage under the specified 
conditions, the microcapsules with arabic gum and the mixture of different wall 
materials showed a degradation in lutein content of 79 and 65%, respectively. 
While the degradation in non-encapsulated lutein extract was 89.5%. According 
to the authors, the film forming ability of the arabic gum used for producing the 
microparticles was not enough to provide stability over storage time, which it 
was also observed in this work for both concentrations of arabic gum studied. 
However, this capacity was increased with the addition of the modified starch 
and maltodextrin in the wall material formulation, which according to the authors 
can be due to the amylose present in the starch.  
In terms of the different storage conditions studied, between the 
presence of light and oxygen, the stability of the lycopene contained within the 
microparticles was more negatively affected by the presence of oxygen. As 
expected, the best storage condition was in Dark + Nitrogen, followed by Light + 
Nitrogen. While under conditions containing oxygen, Dark + Oxygen followed by 
Light + Oxygen, were the two worst conditions for storage of the microcapsules 
in relation to the amount of microencapsulated lycopene. Pelissari et al. (2016) 
reported that the degradation of lycopene was highly influenced by the 
presence of oxygen and storage temperature when evaluating the storage 
stability of microcapsules produced by spray chilling using shortening 
composed of hydrogenated and interesterified cottonseed, soy and palm oils 
and arabic gum as wall materials. According to Rodriguez-Amaya (2016), loss 
of carotenoids during storage occurs mainly due to non-enzymatic oxidation, 
since the carotenoid molecules are highly unsaturated and easily prone to 
oxidative degradation. This degradation depends on the availability of oxygen 
and the structure of the carotenoid, being stimulated by the presence of light 
and heat. 
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5.3.2.2. Antioxidant activity  
 
The antioxidant activity values obtained for each wall material formulation 
was evaluated at the beginning of storage time (0 day). The antioxidant activity 
values obtained for microcapsules with 20 and 10% of wall material were 10.7 
and 14.0 µmol.mg-1 lycopene for inulin, and 22.2 and 11.6 µmol.mg-1 lycopene 
for arabic gum, respectively. Also, the AA value of non-encapsulated extract 
was 35.3 µmol.mg-1 lycopene. The AA at the start of the storage time was 
considered to be 100% to exclude the differences in the amount of antioxidant 
capacity obtained between formulations of the wall materials. Figure 5.2 
represents the AA loss during storage for each environmental conditions and 
samples studied. 
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Figure 5.2. Antioxidant activity loss over the storage period under different conditions. Different 
letters represent statistically significant differences (Tukey test p < 0.05): uppercase letters (effect 
of environmental conditions on antioxidant activity loss); lowercase letters (effect of samples on 
antioxidant activity loss). EIn20 – 20% Inulin; EIn10 – 10% Inulin; EAG20 – 20% Arabic gum; 
EAG10 – 10% Arabic gum; E – tomato pomace extract 
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The encapsulated samples of tomato pomace extract with 20 and 10% of 
wall material showed a loss of antioxidant activity of 67.7 and 78.5% for inulin 
and 63.8 and 92.2% for arabic gum after 27 days of dark storage and nitrogen. 
On the other hand, when stored under presence of light and oxygen, all 
samples had a high loss of antioxidant activity, above 94%. Still, from the 13th 
day of storage, 91% of the antioxidant activity had already been decreased, 
even in microencapsulated bioactive compounds. As was observed in lycopene 
degradation, loss of antioxidant activity was influenced by the presence of 
oxygen and light as well as the type and concentration of the wall material used. 
Both inulin and arabic gum at 20% were significantly more able to maintain 
higher antioxidant capacity than the other samples analyzed.  
When comparing the results of loss of antioxidant activity with those of 
lycopene loss during storage, it is possible to observe a greater loss of 
antioxidant capacity. This may be related by the formation of cis isomers during 
the atomization process. According to Yi et al., 2009, trans-lycopene has a high 
stability and exhibits higher antioxidant activity than cis isomers. 
F. Gomes et al., (2014) evaluated the stability of microcapsules of arabic 
gum and maltodextrin loaded with lycopene-rich watermelon juice during 
storage for 15 days at room temperature. The results showed that the loss of 
AA was proportional to the loss of the lycopene content until the fifth day of 
storage. From this point, greater loss of antioxidant activity was observed 
compared to loss of lycopene. At the end of storage time, the amount of 
lycopene in the particles reduced by 41.9%, while the antioxidant capacity 
reduced by 91.2%. According to the authors, firstly, the loss of the antioxidant 
activity was related in the degradation of the carotenoids. However, the most 
pronounced loss of antioxidant capacity after the fifth day was due to the 
continuous formation of cis isomers and other low antioxidant compounds 
promoted initially by heating during the atomization process. Ramakrishnan et 
al., (2018) studied the effect of light and temperature on the storage stability of 
microcapsules loaded with tamarillo juice rich in carotenoids and anthocyanins. 
Maltodextrin, arabic gum and modified starch were used as the wall material 
during the spray drying process. At the end of 28 days of storage in the 
presence of light, the loss of antioxidant activity varied between 6.59 and 
9.85%. Meanwhile, at the end of 84 days of storage at 25 ° C, losses of 
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antioxidant activity between 11.28 and 49.63% were observed. The authors 
suggested that the reduction of antioxidant activity during storage was due to 
the degradation of carotenoids and anthocyanins. 
                                                                                                             
5.3.3. Carotenoids bioaccessibility 
 
It is important to assess the release behaviour of lycopene from 
microcapsules over ther gastrointestinal tract after ingestion in order to evaluate 
the potential of wall materials for oral delivery in food or as a supplement for 
controlled/targeted release in specific zones of the gastrointestinal tract. In vitro 
release studies of microcapsules loaded with tomato pomace extract were 
performed under pH and temperature values that simulate the conditions inside 
the gastrointestinal tract. Firstly, the release profile of the bioactives from the 
particle samples in each digestive fluid separately was analysed. Then, the 
particles produced with inulin were selected to be incorporated into the natural 
yoghurt, since they demonstrated a greater protection in the SGF and the 
release rate in simulated gastrointestinal tract was also analised. 
  
5.3.3.1. Microparticles loaded with tomato pomace extract 
 
Temperature variation, pH, dissolution of the wall material and 
mechanical rupture of microparticles are some factors that can affect the 
release of microencapsulated material (Righi da Rosa et al., 2019).  
A sudden release of lycopene from the microparticles of both wall 
materials (arabic gum and inulin) occurred within the first 20 minutes in both 
simulated digestive fluids. After that time, the bioactive release was quite slow 
and a plateau was reached for most of the cases (Figure 5.3)  
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Figure 5.3. In vitro release profiles of lycopene from microparticles of inulin and 
arabic gum, under static conditions, using simulated gastric and intestinal 
fluids.  
 
The carotenoid molecules that are adsorbed on the surface of the 
particles as well as those retained near the surface will be released more 
quickly, being responsible for the initial burst release. Still, the morphology of 
the particles can also affect the rapid release of the bioactive compounds 
through the cracks and the pores formed during production of the 
microcapsules which facilitate and accelerate the release of the core material 
from the polymeric matrix (Flores & Kong, 2017; Lourenço et al., 2017; Yeo & 
Park, 2004). This initial burst release was also observed for the release of 
microcapsulated β-carotene formed by complex coacervation using casein and 
tragacanth gum as wall material (Jain et al., 2016) as well as in the neem seed 
oil extract release from arabic gum particles (Sittipummongkol & Pechyen, 
2018) and grape marc phenolics release from particles of whey protein 
maltodextrin (Moreno, Cocero, & Rodríguez-Rojo, 2018). 
As shown in Figure 5.3, the percentage of lycopene released in 
simulated digestion in both gastric and intestinal fluids was higher for the arabic 
Storage stability and in vitro bioaccessibility of microencapsulated tomato (Solanum 
lycopersicum L.) pomace extract 
 
 134  
 
gum than for inulin particles. At the end of the simulated digestion period, 
between 63.0 and 65.1% of lycopene were released from the arabic gum 
particles in simulated gastric fluid, whereas for the inulin particles the release 
was between 13.3 and 13.8%. Furthermore, greater release of lycopene was 
observed during simulated intestinal fluid. The results showed a lycopene 
release between 67.3 and 88.1% for arabic gum particles and between 18.3 
and 27.6% for inulin particles. Hence, the microencapsulation technique using 
inulin as the wall material appeared to be effective in protecting the bioactive 
compounds during passage through the stomach (simulated gastric fluid). Rutz 
et al., (2016) also observed that the release profile of the encapsulated material 
was dependent on the type of wall material. Carotenoids from palm oil were 
microencapsulated in chitosan/Carboxymethylcellulose (CMC) and 
chitosan/sodium tripolyphosphate (TPP) by complex coacervation. They 
observed that the TPP release particles 53 and 67% of the carotenoids under 
the simulated gastric and intestinal fluids, while the CMC particles showed lower 
release percentages with 17 and 20% values for the simulated gastric and 
intestinal fluids, respectively. According to the authors, the CMC wall material 
contains lipophilic interaction characteristics compared to TPP, and 
consequently, allowed for greater retention of carotenoids. 
The fact that inulin presents lower release, being an encapsulating agent 
more protective than arabic gum, can be due to the solubility in aqueous 
medium of the studied polymers. While inulin has a low solubility in water of 
2.5% (w/v) at 25 °C, arabic gum has a high solubility of 50% (w/v) (Kalyani Nair, 
Kharb, & Thompkinson, 2010; Montenegro et al., 2012). Another factor that may 
influence the release of bioactive microcapsules is their morphology. As shown 
in Figure 5.4, the type of wall material used in the production of the particles 
influenced its morphology. It was observed that for the particles produced with 
inulin, the surface was smoother while the arabic gum particles showed the 
formation of teeth and concavities. According to Moreno et al. (2018), rough and 
tooth-forming surfaces can accelerate the release of the microencapsulated 
compound due to a larger surface area in contact with the medium as compared 
to the smoother surfaces.  
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Figure 5.4. Scanning Electron Microscopy (SEM) images (magnification x1000) 
of microparticles loaded with tomato pomace extract in different wall materials. 
(a) Arabic gum particles; (b) Inulin particles. 
 
Other researchers also found the release of bioactives faster on 
microparticles that had their rough surface. Moreno et al. (2018) observed that 
particles loaded with grape marc phenolics using whey protein isolate as wall 
material exhibited a wrinkled surface while the maltodextrin particles had the 
smooth surface. Furthermore, they reported that the phenolic compounds from 
the grape marc present within the whey protein particles showed a lower 
release rate during the simulated gastrointestinal tract compared to the 
maltodextrin particles. In other study, release of microencapsulated neem seed 
oil extract by spray drying using three different wall materials (polyvinyl alcohol 
(PVA), arabic gum (AG) and whey protein isolate/maltodextrin) was studied by 
Sittipummongkol & Pechyen (2018). The authors also reported that the particles 
with the highest release rate of the neem seed extract were from the 
microcapsules that showed more concavities on their surface, and the following 
order of oil release from the microcapsules produced by different polymers was 
found: WPI/MD > GA > PVA. 
In the particles with the highest wall material concentration (20%) for both 
arabic gum and inulin, a significantly lower release of lycopene was observed 
when compared to the results of 10% wall material during contact with the 
simulated intestinal fluid. However, during the passage through the simulated 
gastric fluid no significant differences were observed. These results indicate that 
microparticles at 20% wall material demonstrate better protection of the 
a b 
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microencapsulated bioactive compound during passage into the gastrointestinal 
system. This difference in release rate of the bioactives found between the 
concentrations of wall material used in the production of microparticles can be 
attributed to the size of the particles. The microparticles with the highest 
polymer concentration are larger when compared to the lower concentrations 
due to the increased viscosity of the solution. According to Yang, Chung, & Ping 
Ng (2001), the microparticles produced with lower concentrations of wall 
material tend to have a more porous surface than microparticles with higher 
concentrations and consequently, facilitating the release of the encapsulated 
core material.   
 
5.3.3.2. Yoghurt enriched with microparticles  
 
Microcapsules produced with 10 and 20% inulin were chosen for 
incorporation into liquid natural yoghurt. Two parallel release studies were 
conducted: one using only microparticles and the other using yoghurt enriched 
with microparticles. As shown in Figure 5.5, using only microparticles, they 
showed a release of lycopene of 13.8 ± 0.8 and 11.1 ± 0.5% for the particles of 
10 and 20% of inulin, respectively, during the simulated gastric tract. Continuing 
through the simulated intestinal tract, the 10 and 20% particles reached the 
release of 18.3 ± 1.0 and 16.1 ± 0.6% at the end of the simulated digestion. 
When using yoghurt enriched with microparticles, the lycopene release 
increased during the simulated gastric tract, reaching percentages of 17.4 ± 0.7 
and 16.9 ± 0.9% for the concentrations of 10 and 20% of inulin, respectively. 
After the simulated intestinal tract, a final lycopene release of 25.8 ± 0.5 and 
26.1 ± 0.2% was observed for 10 and 20% of inulin, respectively.  
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Figure 5.5. Lycopene release from the microcapsules incorporated into the 
food matrix during the simulated gastrointestinal fluid. Different letters 
represent statistically significant differences among treatments (Tukey test p < 
0.05): uppercase letters (during simulated intestinal fluid); lowercase letters 
(during simulated gastric fluid).  
 
The bioaccessibility of lycopene depends on the digestion stage (gastric 
or intestinal fluid) and the food matrix (Figure 5.5). For both inulin 
concentrations, a significant increase in lycopene release was observed at each 
step of simulated gastrointestinal digestion for yoghurt with microparticles as 
compared to particles alone. In addition, an increase of 26-45% in the release of 
lycopene during gastric digestion was observed when the particles were 
incorporated into the yoghurt. However, comparing only the simulated intestinal 
stage, there was an approximately 85% increase in the release of lycopene in 
the yogurt samples. Furthermore, no significant differences were observed 
between the inulin concentrations used after the simulated gastrointestinal 
digestion.  
This increase in the lycopene release observed in the yoghurt indicates 
that the incorporation of the microparticles into the food matrix improved the 
stability of the lycopene, preventing its degradation during gastrointestinal 
digestion. The improvement in the stability of lycopene in yoghurts may be 
related to the fact that the lycopene molecule has lipophilic characteristics which 
is the ability to be dissolved in fats and lipids in general. Therefore, after its 
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release, lycopene was dissolved by the lipid fraction of the yoghurt and thus 
protected from the adverse conditions in the gastrointestinal tract such as pH 
and temperature and time of digestion. During simulated digestion only with 
particles, the lycopene released into the simulated digestive fluid, being 
hydrophobic, is not ready dissolved, becoming susceptible to action of pH and 
temperature during the time of digestion. 
Similar results were observed by Rutz et al. (2017) who analyzed the 
release of carotenoids in yoghurt enriched with microparticles loaded with palm 
oil. The microparticles were produced by complex coacervation followed by 
lyophilization using chitosan/xanthan as a wall material. The authors observed a 
greater release of the carotenoids from the particles before incorporation in 
yoghurt. However, part of these released carotenoids were degraded during 
simulated gastrointestinal digestion, reaching the end of the process with a 
release of 39.2%. After incorporation into yoghurt, no degradation was observed 
during the simulated gastrointestinal tract, with a total release of 50.1% of 
microencapsulated carotenoids, thus improving its release and stabilization 
when added to the food matrix.  
The lowest values in the release of lycopene found in this present work 
may be due to inulin being resistant to hydrolysis by human digestive enzymes 
and, consequently, it is not digested in the upper gastrointestinal tract, thus 
promoting greater protection to the microencapsulated compounds. Inulin is 
able to reach the colon without being absorbed by the digestive system, and 
due to its prebiotic characteristics, serve as a substrate, providing essential 
energy and micronutrients, for endogenous bacteria (Flamm et al., 2001).  
 
5.3.4. Viability of bacteria from the probiotic yoghurt 
 
Based on the results obtained for the different wall materials of the 
microcapsules, the particles with 20% inulin were chosen for the application in 
probiotic yoghurt (Actimel) due to the greater protection of microencapsulated 
carotenoids during gastric simulated fluid stage. The control yoghurt (without 
particles) and yoghurt with microencapsulated tomato pomace extract were 
evaluated for the survival of the probiotics contained in the yoghurt and for the 
lycopene release during the simulated gastrointestinal tract. 
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The survival rate of the probiotic bacteria contained in the yoghurt with 
and without microparticles loaded with tomato pomace extract, as well as the 
lycopene release from the particles alone and incorporated into the food matrix, 
are shown in Table 5.2. It was observed a loss of viability of the probiotic 
bacteria in yoghurt after the simulated gastric digestion for both cases, which 
was attributed to the acidic conditions present in the gastric fluid (pH = 1.7). 
There was a reduction of 4.07 and 4.94 log cycles of CFU in the yoghurt 
incorporated with microparticles and yoghurt without microparticles, 
respectively. This behavior is in agreement with other authors who evaluated 
the survival of probiotic free cells during the simulated gastric treatment (Nag, 
Han, & Singh, 2011; Xavier dos Santos et al., 2019). 
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Table 5.2. Lycopene release and viability of probiotic bacteria present in 
yoghurt incorporated with particles and without particles during simulated 
gastrointestinal digestion. 
Viability of probiotic bacteria 
Conditions Yoghurt with particles Yoghurt without particles 
Time 
(h) 
pH 
Probiotic 
count (log 
CFU.mL-1) 
Survival 
rate (%) 
Probiotic 
count (log 
CFU.mL-1) 
Survival 
rate (%) 
0 1.7 
(Gastric) 
8.24a±0.03 100 8.19a±0.05 100 
2 4.17bc±0.63 50.7 3.25d±0.18 39.7 
4 
6.5 
(Intestinal) 
4.34bc±0.70 52.6 3.39cd±0.02 41.3 
6 4.49b±0.51 54.5 3.42cd±0.00 41.7 
8 4.80b±0.11 58.3 3.40cd±0.02 41.5 
Lycopene release (%) 
Time 
(h) 
pH 
Probiotic yoghurt with 
particles 
Particles 
0 1.7 
(Gastric) 
0 0 
2 15.4B±0.5 7.6A±1.0 
4 
6.5 
(Intestinal) 
23.2C±2.9 16.7B±0.6 
6 24.4C±2.7 16.8B±0.1 
8 30.1D±1.8 15.1B±0.1 
Different letters represent statistically significant differences between treatments 
during simulated digestion (Tukey test p < 0.05): uppercase letters (lycopene 
release); lowercase letters (probiotic count). 
 
On the other hand, during simulated intestinal digestion, there was a 
tendency for a higher number of probiotic bacteria present in the yoghurt 
incorporated with microparticles. However, no significant differences were found 
between the digestion times. Regarding the control yoghurt (without particles), 
the count of probiotics remained statistically constant during passage through 
the simulated intestinal tract. Still, the viability of the probiotic bacteria in the 
yoghurt with microparticles was significantly higher when compared to the 
control yoghurt throughout the simulated digestion. This difference in the 
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viability of the bacteria between the treatments may be related to the prebiotic 
characteristics of the inulin, thus serving as a substrate for the probiotic 
bacteria. 
Regarding the release of lycopene from microparticles incorporated in 
probiotic yoghurt, 15.4% of lycopene was released during the simulated gastric 
fluid stage. Thereafter, a significant increase in their bioaccessibility was 
observed during the digestion period in the simulated intestinal fluid, achieving a 
release of 30.1%. On the other hand, in the bioaccessibility of lycopene of the 
particles alone, an increase up to the sixth hour of digestion was also observed. 
After this time, a loss in the amount of lycopene released was noted. Besides 
that, throughout the simulated digestion time, the release of lycopene was 
significantly greater for the case where the microparticles were incorporated in 
the yoghurt as compared to the microparticles without being incorporated into 
the food matrix. 
 
5.4. Conclusions 
 
Storage stability and in vitro release of microencapsulated ethanolic 
extract from tomato pomace rich in lycopene were influenced by the type and 
concentration of wall material.  
Tomato pomace extract microencapsulated by both inulin and arabic 
gum were more stable at light and aerobic conditions than the free extract under 
storage conditions studied for 27 days. However, between the two different 
types and concentrations of wall material studied, inulin used at a concentration 
of 20% was the one showing the best protection ability of the core material 
against environmental conditions, in terms of degradation of the lycopene and 
antioxidant activity. Also, it was the one that enabled to reach the intestine with 
greater concentration of bioactive compounds to be released. 
This study suggests that microencapsulation of the tomato pomace 
extract by spray drying using inulin at 20% as a wall material is a good strategy 
to improve the stability of carotenoids during storage as well as provides 
protection to the core material during passage into simulated gastric fluid, 
allowing the release of bioactive in simulated intestinal fluid. Further, after 
incorporation of the microparticles into yoghurts, the bioaccessibility of the 
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microencapsulated lycopene increased during simulated gastrointestinal 
digestion as compared to the lycopene of the microparticles studied without 
yoghurt. 
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6.1. Overall conclusions 
 
The research described in this thesis was focused on the stabilization of 
natural bioactive compounds by the microencapsulation method aiming at its 
incorporation in food matrices and release studies. In this work, tomato pomace 
was chosen as the natural source to obtain an extract rich in bioactive 
compounds (mainly carotenoids). The extraction of bioactives was carried out 
using an appropriate food grade solvent (ethanol) intended for its later use in 
food matrices. Thereby, the ethanolic tomato pomace extract obtained for this 
research showed a good source of lycopene, presenting a high amount of the 
bioactive when compared to those obtained in other works. 
Initially, prior to using a natural extract rich in carotenoids, a 
microencapsulation study using commercial β-carotene was carried out as a 
bioactive compound model that allowed to obtain the first insights about the 
carotenoids drying process using arabic gum as wall material. Overall, the 
arabic gum concentration and drying inlet temperature influenced the drying 
yield, encapsulation efficiency and load capacity responses. The increase in 
drying temperature and decrease in arabic gum concentration lead to an 
increase in the encapsulation efficiency. Regarding the antioxidant activity of 
the encapsulated material, a loss of AA was found after the encapsulation due 
to exposure to oxygen and light during the spray drying process, since 
carotenoids are extremely sensitive to these external factors. Furthermore, the 
spray drying conditions of β-carotene microencapsulation were optimized, 
showing that the drying air inlet temperature of 173°C and the arabic gum 
concentration of 11.9% were those that allow to obtain higher β-carotene 
content, higher encapsulation efficiency and higher drying yield. 
The same approach used in the production of β-carotene-loaded arabic gum 
particles was successfully performed for the encapsulation of tomato pomace 
extract using arabic gum and inulin as wall materials. Both wall materials 
enabled the formation of microparticles loaded with tomato pomace 
carotenoids, mostly lycopene. The type of wall material used in particle 
production influenced particle morphology, carotenoid loading and antioxidant 
activity. Concerning the particles morphology, the SEM images have shown that 
the particles produced present a similar morphology and are in the category of 
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skin forming structures. Inulin particles had a smooth outer surface while arabic 
gum particles showed the formation of teeth or concavities. Regarding the 
particle distribution, the majority of microcapsules showed a diameter lower 
than 10µm. Further, a simultaneous analysis of the variable responses was 
performed to obtain the best drying conditions. Thus, the most suitable 
condition found for the inlet drying temperature was 200 and 160 °C for arabic 
gum and inulin, respectively. Concerning the most suitable value of the wall 
material concentration, a concentration of 10% was estimated for both inulin 
and arabic gum. Since then, these conditions were selected to conduct the 
study of storage stability and release. 
Storage stability studies for 27 days showed that the microencapsulation 
process using both wall material (inulin or arabic gum) improved the stability of 
the tomato pomace extract in relation to the carotenoids degradation. However, 
the lycopene degradation as well as the antioxidant activity of the encapsulated 
material were highly influenced by adverse environmental conditions (presence 
of oxygen and light), even when encapsulated. Still, inulin used at a 
concentration of 20% was the one showing the best protection ability. 
Release studies in fluids simulating gastrointestinal conditions (stomach and 
intestine) were performed. For both inulin and arabic gum particles, most of the 
bioactives released occurred within the first 20 minutes for both digestive fluids. 
However, arabic gum particles showed higher release (> 60%) of carotenoids 
than inulin particles (<15%). Hence, inulin particles appeared to be effective in 
protecting the bioactive compounds during passage through the stomach 
(simulated gastric fluid), allowing to reach the intestine with larger amount of 
bioactive to be released.  
Inulin particles used at a concentration of 10 and 20% were selected to be 
incorporated into natural liquid yoghurt, since the particles demonstrated better 
protection ability during the storage period and in the release studies. 
The bioacessibility of lycopene during simulated digestive fluids in yoghurt 
containing tomato pomace extract microencapsulated was analised. The 
release of the microencapsulated bioactives was dependent on the stage of 
digestion (stomach or intestine) and on the food matrix. However, no influence 
of inulin concentration (10 or 20%) was observed. During simulated 
gastrointestinal digestion, a greater lycopene bioaccessibility was found when 
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microparticles were incorporated in yoghurts than in release studies where 
particles were used alone, indicating that incorporation into the food matrix 
improved the stability of the bioactive against degradation. 
Overal, arabic gum and inulin have a good performance in the 
microencapsulation of tomato pomace extract by the spray drying method. The 
microcapsules produced had good potential to be incorporated into food 
systems with diverse chemical and physical properties. However, the inulin 
particles at 20% concentration showed better protection capacity under different 
environmental conditions and during their passage through the simulated 
gastrointestinal system. 
 
6.2. Future research 
 
This PhD research addressed the stabilization of the bioactive compounds 
present in the by-product of the tomato concentrate industry by 
microencapsulation process, which provided important insights on drying 
process optimization and incorporation of the microcapsules into food matrices. 
However, there are guidelines that can be given to go further in future research: 
 
 From the industrial point of view to study the potential scaling up. It would 
be important to find a strategy to obtain extracts from tomato pomace, or 
from other materials without the lyophilization step, to reduce the industrial 
costs. 
 
 Further studies on the incorporation of the capsules into food matrices, 
intended to evaluate the bioavailability and biological activity of the 
microencapsulated bioactives by methods such as Caco-2 cells and in 
vivo model systems. Also, to evaluate the influence of microcapsules in 
the food matrix quality, as well as to test other types of food products. 
